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Abstract 
Inorganic-organic hybrid metal halide perovskites have shown great promise in realising 
high performing photovoltaic devices with low fabrication cost. In this regard, Pb-Sn 
mixed perovskites are considered as highly suitable candidate for all perovskite tandem 
solar cells and single junction solar cells with narrow bandgaps. However, the maximum 
achievable performances of Pb-Sn mixed perovskite solar cells (PSCs) are not yet 
obtained due to the lack of understanding of the material system as well prevailing issues 
due to unintentional doping as a result of Sn oxidation. 
In this thesis, the optimisation of a triple cation Pb-Sn mixed perovskite with a formula 
Cs0.05(FA0.83MA0.17)0.95Pb0.5Sn0.5I3 was investigated. Firstly, the effect of the “anti-solvent” 
on Pb-Sn mixed perovskites (fabricated through the commonly used anti-solvent 
dripping method) was investigated and compared to a Pb-only triple cation perovskite 
analogue, in terms of its effect on the film morphology, crystallisation dynamics and 
molecular interactions in the films. Secondly, the need for careful selection of anti-
solvents for Sn-incorporated PSCs, compared to their Pb-based counterparts is 
elaborated. This is investigated using Pb-Sn mixed perovskite devices of an inverted 
architecture, with a device stack of  ITO/PEDOT:PSS/Perovskite/PC60BM/ZnO/BCP/Ag. 
The above studies, in combination with the film processing conditions used is identified 
to enable the removal of unwanted Sn4+ dopants, through engineering the anti-solvent 
method for Pb-Sn mixed perovskites. Optimisation of the anti-solvent engineering 
process enables an 80% enhancement in efficiency when toluene is used as the 
antisolvent, in comparison to the other anti-solvents tested in this work. The champion 
power conversion efficiency of 11.6% achieved through this is further improved to 
12.04% following optimised anti-solvent wash and thermal treatment. This is attributed 
to the complete removal of Sn4+ dopants following the optimisation process.  Following 
the optimisation of the Pb-Sn mixed perovskite film preparation, a surface post-treatment 
method is developed based on guanidinium bromide which enables the efficiency to be 
improved even further to 14.4%. The surface post-treatment especially allows device fill 
factors of 83%, the highest reported for Pb-Sn mixed PSCs reported so far, approaching 
the Shockley-Queisser limit for fill factors in Pb-Sn perovskites. 
This work highlights the importance of careful selection of anti-solvents and post 
treatments on Pb-Sn mixed perovskite absorber layers, in managing defects and reducing 
non-radiative recombination for high efficiency low bandgap perovskite materials, and 
also enables further improvements in device efficiency for all-perovskite tandem solar 
cells. 
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Chapter 1 
Introduction  
 
This chapter introduces the background and the motivation to the research discussed in 
this thesis. The intended aims and objectives are discussed following which, the structure 
of the thesis is explained. 
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1.1 Solar Energy Harvesting 
Within the past few decades, a new generation of smart devices and technologies have 
emerged (such as wearable electronics, internet of things, etc.), that promises to improve 
the quality of human life. One of the major challenges facing the use of these 
technologies, is attaining a sustainable source to power these components. Of the many 
available energy sources, a viable solution for this is the utilisation of the energy produced 
by the sun and diffused electromagnetic radiation.1,2 
The sun’s energy is the driving force of all life on earth and atmospheric events from 
weather changes to auroras. Nuclear fusion reactions converting Hydrogen into Helium 
at the sun’s core produces 63 x 106 W m-2 flux of energy on the surface of the sun.3 Of 
this, the earth receives an average energy flux of 342 W m-2 from the sun as solar 
irradiation.3 Photovoltaic (PV) devices (Solar Cells) enable the conversion of this solar 
energy to electrical energy. The photovoltaic effect (generation of electric current 
through light absorption) was first discovered in 1839 by Alexandre-Edmond Bequeral.1 
This work led to the first solid state solar cell fabricated by Charles Fritts in 1877 based 
on Selenium.1 Unlike the widely adopted fossil fuel based energy generation 
technologies, PVs are also recognised for their silent operation and lack of 
environmentally harmful by-products during the energy generation process. 
The development of solar cells over the years, has led to achieve high device efficiencies 
and low production costs.2 The progress of different solar cell technologies in terms of 
performance over the years as recorded by the National Renewable Energy Laboratory 
(NREL) is given in Figure 1.1.4 The earliest generation of solar cells were fabricated using 
crystalline silicon (c-Si) in the form of a p-n junction diodes.5 First developed at the Bell 
laboratories5 with 6% power conversion efficiency (PCE), these solar cells were first 
commercialised in 1955.6 By 2018, the single crystal c-Si cells have achieved >26% in 
PCE.4 Due to their high production cost, a new generation of solar cells were introduced 
in hopes of lowering the cost. These were based on thin films of inorganic semiconductor 
materials (as opposed to thicker films in c-Si technology) such as CdS, CdTe, 
polycrystalline silicon and hydrogenated amorphous silicon (a-Si-H) as light absorber 
layers.6,7 However, the low absorption coefficients of these thin semiconductors resulted 
in low optical absorption and thus caused lower PCE. Hence the next generation of PV 
devices evolved, in hopes of increasing the device performance of thin film solar cells.  
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One branch of this technology is based on inorganic semiconductors such as GaAs and 
InGaAs (III-V materials) and modified solar cells architecture such as tandem 
(multijunction) structures.2 Another route is organic and polymer photovoltaics (OPV) 
that allows thin film solar cells at lower cost than the III-V materials, and other desirable 
qualities such as the ease of fabrication, light weight,  and the ability of roll-to-roll 
printed manufacturing.8 Unlike inorganic semiconductors, organic semiconducting 
materials possess high optical absorption coefficients allowing the production of very thin 
devices.9 The light absorbing semiconductor layer here is widely deposited from an ink-
based (solution processable) material which can be used to “print” semi-transparent light 
absorbing layers on top of a wide variety of substrates such as glass or plastics, enabling 
their utilisation in a broader range of applications (e.g.: window panes, interior 
applications, etc.), than conventional inorganic semiconductors. However, these 
materials still struggle with significantly lower PCE when compared to the inorganic PVs 
(Figure 1.1).4  
1.2 Perovskite Photovoltaics 
As discussed above, OPVs have a large number of desirable qualities but suffer from lower 
device efficiencies. Therefore, another class of solution processed semiconductors; Metal 
Halide Perovskites, have recently gained attention for high performing PV devices, 
which exhibits similar benefits to OPVs along with high charge carrier mobilities and 
significantly improved device PCEs.10–12  
Metal halide perovskites are inorganic-organic hybrids or all-inorganic crystalline 
materials, with an ABX3 crystal structure (Figure 1.2(a)) where the A-site can be an 
organic cation (formamidinium (FA+), methylammonium (MA+), etc.) or an inorganic 
cation (caesium (Cs+), rubidium (Rb+), etc.), the B-site a metal cation (Pb2+, Sn2+, Ge2+, 
etc.), and the X-site a halide ion (Cl- , Br-, I-).12,13 They possess a number of unique 
optoelectronic properties such as high light absorption, short Urbach tails in the 
absorption spectrum, high charge carrier lifetimes, high crystallinity achieved via low 
temperature processing, etc.13–15 allowing the easy production of solution processed high 
performing semiconductor devices. As strong competitors for the current commercial 
silicon solar cells, and having already achieved 25.2% in PCE in 2019 (Figure 1.1),4 
perovskite solar cells (PSCs) present the promise of not only exceeding 30% PCE for 
single junction PSCs,16 but also reaching even higher efficiencies with all-perovskite 
tandem PV devices,17–19 owing to the easily tuneable bandgaps of these semiconductors 
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in the range of 1.15 – 3.06 eV.13 Bandgap tuning can be achieved by altering either A,20,21 
B22,23 or X24,25 sites of the ABX3 perovskite crystal (Figure 1.2(b)). 
Figure 1.2 | (a) ABX3 perovskite crystal structure, where A =FA+, MA+, Cs+, Rb+, etc., B = Pb2+, Sn2+, Ge2+, 
etc., and X = Cl-, Br-, I-. (b) Schematic diagram showing the bandgap tuning of metal halide perovskites by 
altering A, B or X site, reused with permission.26 Copyright 2014, Wiley.  
 
1.3 Sn-incorporated Metal Halide Perovskites 
Currently, the most popular metal halide perovskites are Pb-based (B = Pb2+) and have 
the highest PSC performances.15 However, engineering the composition of the B-site 
metal has recently caught increasing attention, where a mixture of Pb and Sn is used 
instead of pure Pb perovskites.18–41 Pb-Sn mixed perovskites are desirable for a number of 
reasons. They not only allow the decrement of toxic Pb2+ in PSCs, but also exhibit low 
bandgaps of 1.2 – 1.3 eV, which can be tuned by the ratio of Pb2+ : Sn2+ in the crystal 
lattice41,42 (as well as the A and X ions), which makes them very well suited for the bottom 
cells of all-perovskite tandem solar cells with nearly ideal low bandgaps.29,36,42,43 These 
also pave way for completely Sn-based PSCs where toxic Pb2+ could be completely 
eliminated from the light absorber layers, hence understanding Sn-incorporated metal 
halide perovskites is gaining wider attention in the research community.  
The first incorporation of Sn2+ in a Pb2+ perovskite to fabricate a Pb-Sn mixed “planar” 
PSC device was reported in 2014 by Jen and co-workers24 which yielded a PCE of 10.1% 
for MAPb0.85Sn0.15I3 composition. This was done considering the similar qualities of Sn to 
Pb; both coming from the same group-14 of the periodic table and having comparable 
ionic radii in the +II oxidation state (Pb2+ = 1.49 Å and Sn2+ = 1.35 Å), which enables Sn2+ 
to occupy the B-site almost the same way as Pb2+ does, without much modification to the 
perovskite lattice.24 The charge carrier mobility of these Sn-perovskites are also observed 
to be (102-103 cm2 V-1 s-1), far higher than that of the Pb counterparts (10-102 cm2 V-1 s-1). 
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Furthermore, their narrower bandgaps44 enable light absorption of a broader energy 
range extending to wavelengths > 900 nm.24,45 By mid-2019, the PCE of single junction 
Pb-Sn mixed PSCs have increased to over 20%, achieving a highest PCE of 20.4% for a 
(CsxFA1-x)0.5MA0.5Pb0.5Sn0.5I3 perovskite composition (with x=2.5% Cs) by Hayase and co-
workers.46 As a result, the efficiency of planar Pb-Sn mixed PSC devices24 has doubled 
within a 5-year period, signifying the rapid improvement in this field.  
However, one persistent issue has limited the Pb-Sn mixed PSCs performing to their 
maximum potential; the instability of Sn2+.28,30 Sn, being higher up in group-14 of the 
periodic table, is susceptible being oxidised into its more stable ionic form of Sn4+ and 
hence is tremendously sensitive to air and moisture. When in the perovskite matrix, this 
oxidation process is known to produce Sn vacancies, break the charge neutrality, thereby 
deteriorating the perovskite lattice.47  Furthermore, the Sn4+ ions act as a p-type dopant 
in the perovskite film resulting in a “self-doping process.48–50 These dopants play a major 
role in non-radiative recombination in Sn-incorporated perovskites, by acting as trap 
sites for mobile photo-generated charge carriers.28,51 Hence, reducing the oxidation 
process has been identified as a key challenge towards enhancing efficiencies of Sn-
incorporated PSCs.48 
1.4 Aims and Objectives of Research 
This work aims to identify and develop routes towards improving the performance of low 
bandgap Pb-Sn mixed perovskite PV devices. This will be carried out focusing on the 
removal of unwanted Sn4+ dopants, reducing non-radiative recombination of the devices, 
and surface passivation of the Pb-Sn mixed perovskite. The work is based on a triple 
cation Pb-Sn mixed perovskite composition with a B-site composition of 50% Sn and 50% 
Pb, fabricated using the widely reported “anti-solvent” method.52  
The main objectives of this thesis are as follows: 
First goal is to investigate the impact of the anti-solvent treatment process on the 
structural and morphological characteristics of the chosen Pb-Sn perovskite, using 
techniques such as electron microscopy, X-ray diffraction and IR spectroscopy. This 
objective is built on the premise that, the effects of different anti-solvents on Pb-Sn 
perovskites have not been reported before, even though similar studies are commonly 
found for Pb-only perovskites.52–54 In doing so, the work will mainly focus on the effect 
of different anti-solvents on the perovskite crystallisation process (nature of crystal 
growth, seed crystal facets, crystal structure, etc.), the molecular interactions on the 
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crystallising perovskite, and surface morphology and grain sizes of the resulting 
perovskites.  
Secondly, the work proceeds to optimise the Pb-Sn mixed perovskite PV devices, and 
identifying the effect of different anti-solvents on the performance of the devices. Here, 
the impact of the anti-solvent used on the photovoltaic performance (current-voltage 
behaviour) of the devices will be evaluated under a 1 sun solar spectrum generated by a 
laboratory-scale solar simulator. Furthermore, the correlation between the charge 
transport mechanisms of the devices will be studied under dark conditions, as well as the 
optical properties and band tail distributions of the perovskite films treated with different 
anti-solvents. 
Following the identification of the impact of the processing conditions, the next objective 
is to improve the optoelectronic properties of the Pb-Sn mixed perovskite layers by 
further optimising the processing temperature. Following this, the effect of anti-solvents 
on Sn4+ removal on the Pb-Sn mixed perovskite will be explored, with solvent 
engineering routes towards enabling the complete removal of Sn4+ to be achieved.  
The final objective of this work focusses on post-processing of the perovskite layer to 
further improve the PV device efficiencies. Here, the main focus will be on surface 
passivation and reducing the non-radiative recombination of the perovskite absorbers, as 
well as band alignment of perovskite and charge transport layers within the PV devices. 
1.5 Structure of Report 
The remainder of the thesis is divided into 6 chapters. Chapter 2 introduces the 
background related to the work conducted here; in terms of PV device physics and 
perovskite solar cells. In Chapter 3, the fabrication and characterisation techniques used 
in this work are discussed. Chapters 4, 5 and 6 contains the experimental details, results 
and discussions. Chapter 4 is based on structural and morphological characteristics, 
crystallisation dynamics and molecular interactions of the Pb-Sn mixed perovskite 
absorber layers and the effect of different anti-solvents on said characteristics. In Chapter 
5, the device optimisation is discussed along with solvent engineering routes towards Sn4+ 
removal of the perovskite films. Further improvements on the PV devices are explained 
in Chapter 6, with a special focus on guanidinium bromide (GABr) surface treatment to 
achieve high device fill factors leading to enhanced solar cell efficiencies. Chapter 7 
discusses the conclusions from the work discussed in this thesis, and outlines avenues for 
future investigations. 
CHAPTER 2   Chapter 2 
8 
 
 
 
 
 
 
 
CHAPTER 2 
 
Chapter 2 
Photovoltaic Technology and Perovskites 
 
This chapter discusses the fundamental operation principles of solar cells followed by a 
discussion on perovskite photovoltaics. Starting with semiconductors and diodes, the 
solar cell device physics is explained. This is followed by a discussion on the progress 
made on perovskite solar cells with a special focus on Pb-Sn mixed perovskites. 
 
 
 
 
 
 
CHAPTER 2   Photovoltaic Technology and Perovskites 
9 
 
2.1 Semiconductors and Diodes 
The PV technology, as introduced in Chapter 1, converts solar energy (light) to 
electricity. Conventional PV devices are based on a diode architecture.1,55 The following 
section discusses the operation of diodes based on the characteristics of semiconductors, 
the p-n junction diode architecture and the p-i-n junction diode architecture. 
2.1.1. Semiconductors 
Solid state materials, depending on their electrical conductivity (σ) or resistivity (ρ = 1/σ) 
values are categorized into three groups, namely; conductors, semiconductors and 
insulators.55 Conductors or metals have σ ranging from 104 – 106 S cm-1 while σ for 
insulators range from 10-8 – 10-18 S cm-1. Hence at room temperature, metals conduct 
electricity while insulators do not. In contrast, the σ of semiconductors lie in between 
the above two categories. Hence, the conduction of electricity of these materials is 
conditional.1,55 
The conducting, semiconducting, or insulating behaviour of a material can be further 
explained based on the band diagrams of these materials, as given in Figure 2.1. When 
atoms are assembled to form a solid-state material, the valence orbitals of these atoms are 
split into different energy levels. In a solid, consisting of a large number of atoms, these 
energy levels form a continuous band of allowed energy values. The energy band of 
bonding orbitals, the valence band (VB), has electron filled energy states. Another band 
with empty energy states lies at higher energies, above the valance band, denoted as the 
conduction band (CB). These two bands may or may not be are separated by a forbidden 
energy gap (band gap), which decides whether the material is a conductor, a 
semiconductor or an insulator.1,55 In a conductor (such as a metal), the CB is either 
partially filled with electrons, or is overlapping with the filled VB. In such a material, 
current conduction readily occurs at room temperature. In an insulator (such as SiO2) the 
band gap is very large with a band gap energy (EBG) of ~5 - 9 eV. As a result, the CB is 
completely empty, prohibiting current conduction even under the influence of an 
external electric field. 
Semiconductors (e.g.: Si, Ge, metal halide perovskites, etc.), lying in between these two 
conditions, have an EBG in the range of 1 eV (or even smaller) to around 4-5 eV. However, 
unlike insulators, the  σ of  these materials can be more easily increased through a number 
of means, such as through the introduction of “impurity” atoms that introduces 
conducting charge carriers into the material (as discussed in Section 2.1.1.1) or 
illumination with photons (as discussed in Section 2.21). Semiconductor materials can 
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either be elemental such as Si and Ge (column IV elements), or compound materials such 
as GaAs (group III-V materials) or perovskites, certain organic polymers, etc.  
 
Figure 2.1 | An illustration of valence band (VB) and conduction band (CB) positions for electrical 
conductors, semiconductors and insulators. Semiconductors can be further divided into intrinsic and 
extrinsic (p-type and n-type) semiconductors depending on the position of their fermi energy level (Ef). 
 
2.1.1.1. Intrinsic and Extrinsic Semiconductors 
Semiconductors can either be intrinsic (un-doped) or extrinsic (doped) (Figure 2.1). In 
intrinsic semiconductors, an external influence such as photons whose energy exceeds 
that of EBG is required to increase σ. Thus, at thermal equilibrium, a number of electrons 
are transferred into the CB leaving positively charged vacant sites, “holes” on the VB, 
such that the number of electrons in CB equals to the number of holes in VB. As a result, 
the Fermi energy level (𝐸𝑓  ; the energy state where the probability of finding an electron 
= 1/2) lies exactly in the middle of the band gap.  
As a result of the above described characteristics, intrinsic semiconductors are often 
doped to form extrinsic semiconductors (by adding a small amount of impurity atoms; 1 
μg – 1 g of impurity for 1 kg of semiconductor) which enables an increase in σ. Doping 
of semiconductors can enable an enhancement in either the electron density (resulting 
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in negatively doped or n-type material) or hole density (positively doped or p-type). For 
n-type doping, impurity atoms having a higher number of valence electrons than the 
semiconductor element are added (such as addition of P to Si), such that an electron in 
the dopant atom does not contribute to chemical bonding. Such electrons will occupy an 
energy level closer to the conduction band edge, in the bandgap of the semiconductor 
(referred to as the donor level) and is often easily excited to the conduction band by the 
thermal energy at room temperature. This results in an improved conductivity under an 
applied electric field. In contrast, for p-type doping, impurity atoms having a lower 
number of valence electrons than the semiconductor element (such as addition of B to 
Si) results in unsatisfied bonds in the parent semiconductor which appear as positively 
charged holes. These holes occupy an energy level closer to the valence band edge, in the 
bandgap of the semiconductor (referred to as the acceptor level) and will easily accept 
electrons excited from the valence band due to the thermal energy at room temperature, 
which again results in an improved conductivity under an applied electric field. Hence 
in an n-type semiconductor, since there is a higher number of electrons in the CB, the 𝐸𝑓 
shifts towards CB edge, and in a p-type semiconductor where there is a depletion of 
electrons closer to the band edge results in the 𝐸𝑓 being closer to the VB edge. 
2.1.1.2. Direct and Indirect Bandgap Semiconductors: 
Crystalline semiconductors are further divided into two categories; direct bandgap 
semiconductors and indirect bandgap semiconductors, depending on the positions of VB 
maximum (VBmax) and CB minimum (CBmin) points on the energy - momentum (E-k) 
relationship (Figure 2.2) for semiconductors. The bandgap is defined as the difference of 
energy between the VBmax and CBmin. In a direct bandgap (Figure 2.2(a)) semiconductor 
(such as GaAs), the VBmax and the CBmin possess the same k (momentum) value, whereas 
in an indirect bandgap (Figure 2.2(b)) semiconductor (such as Si), they lie at different k 
values. Therefore, in an indirect gap material, an electron transfer to the CB requires not 
only energy, but also a change in momentum, usually achieved through electron-phonon 
interactions. 
Figure 2.2 | Energy-momentum (E-k) diagram of (a) direct bandgap semiconductor where the CBmin and 
the VBmax of the semiconductor lie at the same k value, and (b) indirect bandgap semiconductor where 
the CBmin and the VBmax have different k values. 
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2.1.2. Semiconductor Diode; The p-n Junction 
A diode is a semiconductor device with a positive and a negative terminal, which 
generally allows current to only flow in one direction (i.e. showing a rectifying 
behaviour). The basic diode model consisting of a p-n junction, provides the basis for 
many electronic applications such as diodes and transistors, and was also the building 
block of 1st generation inorganic solar cells (e.g.: Si solar cells which; combined p-doped 
and n-doped Si semiconductors).  
In isolated n-type and p-type semiconductors, the 𝐸𝑓 lie near the CB and VB of each 
material respectively, as discussed in Section 2.1.1. (also see Figure 2.3(a)). Upon forming 
a junction, the 𝐸𝑓 of the two semiconductors are aligned (Figure 2.3(b)) due to the 
diffusion of electrons from the electron rich n-type material to the electron deficient p-
type material near the junction, and the diffusion of positively charged holes from the 
hole rich p-type material to the hole deficient n-type material, resulting in a “diffusion 
current”. This leaves a fixed positive (negative) charge on the n-side (p-side) by the 
removal of electrons (holes), and a negative (positive) charge is built up near the junction 
on the p-side (n-side), resulting in an electric field that opposes electron (hole) movement 
giving rise to the “depletion region” (also referred to as “space charge region”). This 
charge diffusion will continue to take place until a sufficiently high field is built-up 
against further charge diffusion. The electric field at equilibrium (i.e. when the diffusion 
process has stopped) across this region is named as the “built-in-potential” (Vbi). The 
minority carriers; electrons in p-type and holes in n-type are swept across the junction 
under the influence of Vbi. 
Figure 2.3 | Illustrations of p-n junction band diagram (a) before contact and (b) after contact, along with 
(c) the corresponding p-n junction schematic illustration. Here, EC and EV are the energies of CBmin and 
VBmax respectively. 
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At equilibrium, drift current equals diffusion current, resulting in a zero net-current 
(however, there will be a minute current due to minority carriers, ideally negligible). 
Under forward bias, (when p-type side of the diode is positively biased and n-type side 
negatively biased using an external electric field; with voltage = V), the resulting applied 
field decreases the potential barrier of the depletion region. At a certain applied V value 
(referred to as the diode turn-on point), the barrier is sufficiently small to allow holes to 
flow from the p-side towards the n-side and for electrons to flow from the n-side towards 
the p-side resulting in a current flow. With increasing V, the current increases 
exponentially after this point, thus the diode is in its normal mode of operation. Here, 
both types of charges take part, so this is considered to be bi-polar conduction. The p-n 
junction diode current-voltage (I-V) curve is depicted below in Figure 2.4. 
When the p-n junction is reverse biased (the p and the n sides respectively are biased 
negatively and positively), the depletion region extends in width due to the attraction of 
electrons (in n-type) to the positive bias, and holes (in p-type) to the negative bias. Thus, 
the potential barrier across the junction increases to Vbi + V, opposing the main current 
flow. However, there is a very small current flow to the opposite direction due to the 
minority carriers (leakage current; see Figure 2.4). When the applied field is increased up 
to a certain voltage (breakdown voltage) a large current is initiated through the diode in 
the negative direction, thus the diode is no longer at its normal mode of operation. 
 
Figure 2.4 | Diode I-V characteristics of a p-n junction showing forward bias and reverse bias operating 
conditions showing forward current, leakage current and reverse breakdown. 
 
Generally, in an inorganic PV cell (such as in crystalline silicon or even perovskites), 
while the light absorption takes place throughout the device thickness resulting in the 
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generation of electron-hole pairs, the separation of these electrons and holes takes place 
most efficiently within the depletion region (due to Vbi). As a result, design of PV cells and 
photodetectors have often focused on increasing the depletion region width which enables a 
larger thickness over which light is observed and where the resulting charges are separated 
without recombination. In order to achieve this, a p-i-n diode (whose operation is 
discussed in the next section) architecture is often preferred.  
 
2.1.3. The p-i-n Junction Diode 
In this type of diode, a thicker intrinsic semiconductor is sandwiched between thin p- 
doped, (see Section 2.1.1.) and n-doped semiconductor layers. The thickness of the 
intrinsic semiconductor depends on the absorption properties of the semiconductor used. 
For example, the intrinsic region of GaAs solar cells are ~1 µm as opposed to that of 
crystalline silicon, where intrinsic regions closer to ~100 µm are required, due to the 
lower optical absorption of the latter.56 The p and n-type layers results in the formation 
of a built-in field across the p-i-n diode, due to the Fermi level alignment between the p 
and i layers as well as the n and i layers at thermal equilibrium.  
Upon interacting with light, the carriers generated within the thick intrinsic region are 
separated by the built-in-field which are then efficiently swept to the respective contacts 
(Figure 2.5).56,57 Here, the Vbi is the difference in 𝐸𝑓 of the p and n layers,56 and the 
intrinsic layer acts somewhat similar to the depletion region in the p-n diode.11 .  
Figure 2.5 | Schematic illustrations of p-i-n junction band diagram (top) at thermal equilibrium, upon 
interacting with photon energy (hν) of visible light, and the corresponding p-i-n junction (bottom).  
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2.2 Operation Principles of Photovoltaic Devices 
2.2.1. Light Absorption  
The diode within a solar cell comprise of a “photoactive” semiconductor; which absorbs 
light from solar irradiation to generate charges (photogeneration of charges) that 
contribute to the current output of the cell. This optical absorption is described through 
Beer Lambert’s law, 
𝐼 =  𝐼0𝑒
−𝛼𝑙 (2.1) 
 
Where 𝐼𝑜 is the incident light on the material, 𝐼 is the transmitted light through length 
𝑙 of the semiconductor while 𝛼 is the absorption coefficient of the materials and is 
dependent on the photon energy. The absorption of light 𝐴 is given by, 
𝐴 =  −𝑙𝑛 (
𝐼
𝐼0
) =  𝛼𝑙 
(2.2) 
 
As evident from the above equations, a high absorption coefficient is desirable for a high 
absorption of light by the PV device, especially if the thickness (𝑙) of the absorber is to 
be kept low. Generally, in Pb-based metal halide perovskite absorbers have very high 
absorption coefficients in the range of 104 -105 cm-1 in the visible region of the solar 
spectrum, allowing fabrication of very thin devices (~0.5 – 1 µm thickness) that absorbs 
light efficiently.58,59 
The absorption however, is also dependant on the photon energy (𝐸ℎ𝑣) and wavelength 
(λ) of incident illumination. The relationship between the 𝐸ℎ𝑣 and wavelength λ is given 
below, where ℎ is the Plank’s constant (ℎ = 6.626 × 10-34 J s), 𝑐 is the speed of light ( 𝑐 = 
2.998 × 108 m s-1) and 𝜈 is the frequency of radiation.60 
𝐸ℎ𝜈 = ℎ𝜈 =
ℎ𝑐
𝜆
 
(2.3) 
 
The 𝐸𝐵𝐺 of the semiconductor dictates the amount of light energy (number of photons) 
absorbed by the PV device under illumination. Here, photons with energy 𝐸ℎ𝑣 which 
satisfies the criteria 𝐸ℎ𝑣 < 𝐸𝐵𝐺 will transmit through the semiconducting layer with no 
absorption (Figure 2.6, case (a)), whilst photons which satisfy the criteria 𝐸ℎ𝑣 ≥ 𝐸𝐵𝐺 will 
be absorbed to allow electronic transition from VB to CB (Figure 2.6, case (b)). 60,61 
However, upon absorbing photons with 𝐸ℎ𝑣 ≫ 𝐸𝐵𝐺 the excess energy will be lost via 
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thermalisation (generation of heat) which results in the relaxing of excited carriers 
through lattice phonons back to the band edges (Figure 2.6, case (c)).61 This phenomenon 
is undesirable in a solar cell, limiting the maximum achievable efficiency from the device, 
but is not entirely avoidable. This mismatch in energy with the incident solar irradiation 
spectrum accounts for majority of the losses in the output of a single junction PV device,62 
and only about 29% of the output power is not critically dependent on the 𝐸𝐵𝐺.60 This 
makes bandgap tuning and multi-junction (tandem) solar cells desirable in energy 
harvesting.43,62 
 
Figure 2.6 | Absorption of light with photon energy (a) 𝐸ℎ𝑣 < 𝐸𝐵𝐺, (b) 𝐸ℎ𝑣 ≥ 𝐸𝐵𝐺  and (c) 𝐸ℎ𝑣 ≫ 𝐸𝐵𝐺  by a 
photoactive semiconductor. In cases (b) and (c) the photons are absorbed by the semiconductor allowing 
transitions from electrons from VB to CB leaving vacancies or holes on the VB. In case (c), the excess 
energy is lost as heat. 
 
2.2.2. Photogeneration of Charges 
Upon absorption of irradiation, photogeneration of an electron and a hole occurs within 
the absorber layer. The charge generation and operation principles of thin film solar cells 
can be divided into two categories; excitonic systems, such as conventional OPV (organic 
PV), DSSC (dye sensitised solar cells), and non-exitonic systems such as perovskite solar 
cell (PSC) and other thin film inorganic PV technologies.58,63  
Considering excitonic systems, for example in a generic OPV device, there is a p-type 
semiconductor (electron donor) and an n-type semiconductor (electron acceptor) in close 
contact with each other (forming a bulk heterojunction solar cell) to comprise the 
photoactive layer.59,64,65 Upon interacting with visible light, the photoactive layer 
generates excitons. An exciton is an electron-hole pair closely bound to each other by 
coulombic forces with a relatively large binding energy of ~300 meV).59 In order to be 
extracted as free charges, the exciton has to be dissociated into individual charges 
(overcoming the coulombic force), which is enabled by the interface between p-type and 
CHAPTER 2   Photovoltaic Technology and Perovskites 
17 
 
n-type semiconductors  (in order to achieve this, the excitons have to travel to the 
interfaces by diffusion).59,64 After the dissociation into free charges, the charge selective 
interlayers (electron transport layer; ETL and hole transport layer; HTL) extract electrons 
and holes separately to the respective electrodes  which results in the photogenerated 
current that is observed.65 The requirement for exciton diffusion to the p-type and n-type 
semiconductor interface as well as the need for  adequate energy for the exciton 
dissociation limits the performance of excitonic PV devices.59,66 
In a non-excitonic system, the absorption of solar irradiation gives rise to free charges by 
excitation of electrons to the CB of the semiconductor layer in a PV device. This is 
commonly seen in inorganic solar cells such as Si, CdTe, CIGS, etc. Considering 
perovskites, while initially it was speculated that the operation of  PSCs maybe similar to 
excitonic PVs, it was found that the generic exciton model was not a good fit to explain 
the charge generation in metal halide perovskites.63,66 The photogenerated electron-hole 
pairs in perovskites were observed to act more as free carriers rather than tightly bound 
pairs, with binding energies of <50 meV for Pb-based perovskites,63,66–68 determined to be 
low enough for the exciton to achieve full ionisation at room temperature.6 Hence the 
PSC devices are generally regarded as non-excitonic systems, with radiative 
recombination rates comparable to that of direct band-gap inorganic semiconductors.2 
This is considered the main advantage of perovskite PVs, where the one step free carrier 
generation mitigates the energy losses through dissociation and migration of excitons.59 
Thus, the peovskite absorber exhibits properties of an intrinsic semiconductor, and the 
solar cell device comprise of a p-i-n (or n-i-p) juncition diode (similar to that used in 
amorphous Si cells56,69 and discussed in Section 2.1.3), where the n-type and p-type 
semiconductors are the ETL and HTL respectively.58,59 The heterojuctions (n-i and p-i) 
here are used only to selectively extract the charges and not for excitonic dissociation.66  
2.2.3. Transport and Extraction of Charges 
Following the light absorption and free carrier generation process, the next step in the 
operation of a PV device is the transportation and extraction of the photogenerated 
charges into an external circuit to generate a current flow. In a typical solution processed 
PV device, the light absorber is sandwiched between the charge selective interlayers; 
ETL (electron transport layers for electron selectivity) and HTL (hole transport layers for 
hole selectivity). In a p-i-n device architecture described in Section 2.1.3, the n-type layer 
acts as the ETL while the p-type layer acts as the HTL. These transport layers are 
combined with highly conductive contacts to form the cathode and anode of the device. 
For most thin film device architectures, one of these electrodes is typically a transparent 
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electrode such as indium tin oxide (ITO) or fluorine doped tin oxide (FTO) while the 
other is a metal with high reflectivitiy.43 For thin film PVs, the transparent electrode is 
often deposited on a transparent substrate such as a glass or plastic. A simple schematic 
of such a solar cell is given below in Figure 2.7(a). 
Figure 2.7 | (a) Schematic illustration of a solar cell stack. (b) Schematic of the mechanism of working PSC 
solar cell under illumination. The photogenerated charge carriers drift to the interlayer interfaces, where 
the electrons transfer to the ETL and holes transfer to HTL, given that there is a proper match of the energy 
levels. The charges are then transported to the respective electrodes, to be extracted into an external 
circuit.  
 
The first step of charge transport includes their diffusion through the absorber layer to 
the charge selective layer interface, which is governed by the mobility of the 
photogenerated free carriers. For example photogenerated charges in a metal halide 
perovskite absorbers have mobilities ranging from 1.6 to ~71 cm2 V-1 s-1 with typical 
values around 10 - 30 cm2 V-1 s-1 (sum of electron and hole mobilities, determined through 
terahertz mobility measurements).70 In contrast, solution processed OPVs exhibit 
significantly lower charge carrier mobilities of ~10-3 – 10-4 cm2 V-1 s-1 range.59 In 
perovskites, the mobilities of electrons and holes in are also comparable to each other,71 
hence the charges are efficiently transported under the influence of the built-in-potential 
created by the interlayers (p and n-type layers of the p-i-n diode configuration as 
discussed in Section 2.1.3), without a large accumulation of charges (space charge) within 
the semiconductor layer.72 Generally, the mobility of the free carriers must be taken into 
consideration in deciding the semiconducting intrinsic absorber layer thickness as a 
balance between high absorption as well as extraction is necessary for satisfactory 
performance.  
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Upon reaching the charge selective layers, the electrons and holes are extracted into the 
ETL and HTL respectively, given that there is a proper matching of their energy levels 
with the CB and VB of the intrinsic absorber layer (Figure 2.7(b)).59 Here, depending on 
the type of the interlayers used, the lowest unoccupied molecular orbital (LUMO) or the 
CB of the ETL should align with the CB of the semiconducting intrinsic absorber layer, 
while the energy of the highest unoccupied molecular orbital (HOMO) level or the VB 
of the HTL should align with the VB of the semiconducting intrinsic absorber layer.59  
The electrodes on either end of the solar cell stack is the final point of travel for the 
charges, before being extracted to the external circuit. Here, the work function of the 
anode and cathode should form an Ohmic contact with the HTL and ETL respectively. 
For perovskite PV cells, for the “standard (n-i-p) architecture” the anode is the metal 
electrode, while for the “inverted (p-i-n) architecture” the metal electrode becomes the 
cathode, and will be further discussed in Section 2.3.1.43  
Among the layers used in a PV device, the interfaces are another source of losses, through 
non-radiative recombination and charge transport barriers as a result of energy 
mismatch.43 Thus, interface engineering is a regarded as highly important towards 
efficiency improvement in solar cells.73 The selection of interlayers and electrodes for 
perovskite PVs will be discussed in Section 2.3, and the perovskite absorber will be 
further discussed in Section 2.4. 
2.2.4. Basic Photovoltaic Model 
The photovoltaic model describes the current-voltage characteristics of a solar cell. 
Considering the diode models described in Section 2.1, the current (𝐼) through a diode is 
dependent on the applied voltage (𝑉) (also see Figure 2.4), which is described by the 
“diode equation” given below in Equation 2.4.1 This equation is valid for both reverse and 
forward conditions 
𝐼 =  𝐼𝑠 [𝑒
(𝑞𝑉 𝑛𝑘𝑇⁄ ) − 1] (2.4) 
 
Here, 𝐼 is the net current through the device, 𝐼𝑠 the reverse saturation current, 𝑞 the 
electric charge, 𝑉 the applied voltage, 𝑛 the diode ideality factor, 𝑘 the Boltzmann 
constant and T the absolute temperature. 
In reverse bias and in the absence of illumination, when the voltage across the junction 
is negative, the exponential factor tends to be zero, hence, 𝐼 =  −𝐼𝑠. As discussed in 
previously in Section 2.2.2, under illumination, electrons and holes are generated, which, 
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under the influence of the built-in potential, flows in the “negative” direction (as opposed 
to an injection current) giving rise to a photocurrent; 𝐼𝑝ℎ. Hence, Equation 2.4 becomes, 
𝐼 =  𝐼𝑠 [𝑒
(𝑞𝑉 𝑛𝑘𝑇⁄ ) − 1] − 𝐼𝑝ℎ 
(2.5) 
 
Under illumination, a terminal voltage is produced in the diode (photovoltaic effect) 
which is approximately equal to the potential difference of the VB and CB of the 
semiconductor. In a perovskite solar cell (p-i-n or n-i-p diode), more precisely, this 
difference is made by the difference between quasi Fermi levels of HTL and ETL. When 
the device is forward biased at a voltage similar to this potential difference, the cell is 
under an open circuit condition and the applied voltage is the 𝑉𝑜𝑐 of the solar cell. As 𝐼 =
0 under open circuit conditions, utilising Equation 2.5, the 𝑉𝑜𝑐 can be expressed as, 
𝑉𝑜𝑐 =  
𝑛𝑘𝑇
𝑞
𝑙𝑛 [
𝐼𝑝ℎ
𝐼𝑠
+ 1] 
(2.5) 
When 𝐼𝑝ℎ ≫ 𝐼𝑠 , 
𝑉𝑜𝑐 =  
𝑛𝑘𝑇
𝑞
𝑙𝑛 [
𝐼𝑝ℎ
𝐼𝑠
] 
(2.6) 
 
Similarly, when V = 0 (i.e. the short circuit condition), assuming leakage current is small, 
the short circuit current 𝐼𝑠𝑐 is given by, 
𝐼𝑠𝑐 = −𝐼𝑝ℎ (2.7) 
In a practical scenario, parasitic effects from the device fabrication process and contact 
points are introduced in the form of resistances. Two main types of resistances; 𝑅𝑠 (series 
resistance) and 𝑅𝑠ℎ (shunt resistance) arise from the bulk of the active semiconductor 
material and the contacts/interfaces of the device respectively.74 For an ideal diode, 𝑅𝑠 is 
expected to approach zero, while 𝑅𝑠ℎ is expected to approach infinity. Taking these 
effects into consideration, the diode equation is modified to better describe the real 
operation of a solar cell under illumination as given by the “modified diode equation” 
below,1 
𝐼 =  𝐼𝑠 [𝑒
(
𝑞(𝑉−𝐼𝑅𝑠)
𝑛𝑘𝑇⁄ ) − 1] + (
𝑉 − 𝐼𝑅𝑠
𝑅𝑠ℎ
) − 𝐼𝑝ℎ 
(2.8) 
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2.2.5. Recombination in Photovoltaic Devices 
2.2.5.1. Recombination in Semiconductors 
One of the main phenomena that leads to the degradation of PV device performance is 
recombination, which occurs at the bulk of the semiconductor and/or at the interfaces.75 
Recombination refers to the process in which an electron and a hole interact where they 
are annihilated. The rate of recombination is be given by,8 
𝑟𝑒 =
𝑛𝑒
𝜏𝑒
 (2.9) 
Where 𝑟𝑒 is the recombination rate of electrons, 𝑛𝑒 is electron density and 𝜏𝑒 is the 
“lifetime” of the electron in the given energy range. In a solar cell, the electrons and holes 
which do not flow out to contribute to a current eventually recombine.8 Recombination, 
in general can be of one of two types; radiative and non-radiative.74 
In Radiative recombination, an electron in the CB recombines with a hole in the VB 
emitting a photon. On the other hand, in non-radiative recombination, the energy and 
momentum due to recombination are given out as phonons arising from atomic 
vibrations. This can be enabled by intermediate allowed energy states within the band 
gap of the semiconductor resulting from impurities, or in some materials, as a result of 
high background carrier density due to high levels of doping.8 Recombination can be 
subdivided to several categories; Auger recombination, Shockley-Read-Hall (SRH) 
recombination and bimolecular recombination.64,76 In Auger recombination, where three 
charge carriers are involved, an electron and hole recombines giving out energy that is 
absorbed by another charge carrier which is excited to a higher energy. This is common 
in highly doped inorganic semiconductors.8 SRH and bimolecular are the most common 
types of recombination in perovskite solar cells, and are further discussed in the section 
below. 
2.2.5.2. Monomolecular (SRH) Recombination 
SRH recombination,77 also known as monomolecular (first order) recombination, occurs 
when there is a trap state (due to impurities or defects of the semiconductor material) 
within the bandgap of the semiconductor (a trap is defined as a stationary energy state 
within the bandgap that can capture only one type of charge carrier. If the energy state 
can capture both types of charge carriers it is known as a recombination centre.74,78).  
Trap (or defect) assisted SRH recombination is considered as one of the most important 
recombination processes in semiconductors.77 Generally, free charge carriers are 
delocalised whereas the trap states are localised. Hence a delocalised carrier can be 
CHAPTER 2   Photovoltaic Technology and Perovskites 
22 
 
localised by the trap state which can be released by thermal energy. This quick initial 
capture (or trapping) of the charge carriers leads to the build-up of a reservoir of 
stationary trapped charges,77 and if a free carrier with opposite charge interacts with the 
trapped carrier before the latter is released by thermalisation, recombination occurs.74 
The rate of this type of recombination is limited by the density of traps in the material 
contributing to recombination (Nt) and also the availability of electrons or holes to enter 
the traps.78 In perovskites solar cells the most prominent recombination mechanism is 
reported to be trap assisted SRH recombination. Hence, trap passivation is considered 
highly important in achieving good efficiencies.79 
2.2.5.3. Bimolecular Recombination 
In bimolecular (second order) recombination, two mobile charge carriers recombine and 
are annihilated.80 The exact cause or causes for bimolecular recombination is not yet very 
well understood,64 although bimolecular recombination in pristine semiconductors is said 
to follow “Langevin Expression” where the rate of recombination depends on the sum of 
mobilities of both charge carriers. In a pristine material (such as a single crystal solar cell), 
when the electron and hole move towards one another, the charge carrier with the 
highest mobility determines the rate of recombination. Bimolecular recombination has 
also been observed to be dependent on the bias voltage and the charge density (the charge 
carrier density in turn, depends on the illumination intensity).81  
2.2.5.4. Order of Recombination: Illumination Intensity Dependence 
The order (first or second order) of the recombination process is dependent on the voltage 
as well as the illumination intensity (i.e. the photogenerated carrier density).  
For monomolecular recombination, the (recombination) rate is proportional to the 
photogenerated mobile carrier density and the stationary trap density.80 Since the 
photogeneration of charge carriers (electrons and holes) is a function of the incident 
illumination intensity (𝐼′) and the trap density is independent of the light intensity, the 
monomolecular recombination rate (denoted by 𝑟𝑆𝑅𝐻 for SRH recombination), can be 
given by,77 
𝑟𝑆𝑅𝐻 ∝ 𝑛𝑒,𝑡𝑟𝑎𝑝 𝑛ℎ(𝐼
′) (2.10) 
Where 𝑛𝑒,𝑡𝑟𝑎𝑝  is the electron density in traps and 𝑛ℎ is the hole density. Here electrons 
are assumed to be trapped while the holes are mobile. Therefore, the illumination 
intensity dependence of 𝑟𝑆𝑅𝐻 is, 
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𝑟𝑆𝑅𝐻 ∝ 𝐼
′ (2.11) 
Therefore, the recombination rate is linearly dependent on the light intensity and hence 
this process is called first order recombination process.80  
For bimolecular recombination, reaction rate is proportional to the product of 
photogenerated electron and hole densities (𝑛𝑒 ∙ 𝑛ℎ). Therefore the bimolecular 
recombination rate 𝑟𝐵𝐼77 can be given by 
𝑟𝑆𝑅𝐻  ∝   𝑛𝑒(𝐼
′)𝑛ℎ(𝐼
′)  ∝  (𝐼′)2 (2.12) 
Thus, for bimolecular recombination, the recombination rate has a square dependence 
on the light intensity and hence is named a second order process. 
2.3 Perovskite Solar Cells 
In Section 2.2, the general principles of solar cell operation were discussed. In this section, 
the focus will be on perovskite PV devices, based on their specific device architectures, 
selection of electrodes and interlayers. In the next section (Section 2.4), the metal halide 
perovskite absorber layer will be discussed in depth. 
2.3.1. Device Architectures 
As discussed in Section 2.2.3, the PSC is best described as an intrinsic absorber layer 
sandwiched between p and n doped interlayers. PSC device architectures is primarily 
classified as “standard/regular (n-i-p) architecture” and “inverted (p-i-n) architecture”.73 
In the standard configuration, the ETL is fabricated on top of the transparent electrode 
(cathode). The perovskite film and the HTL, followed by the metal electrode (anode) are 
then sequentially fabricated on the ETL (Figure 2.8(a)). This architecture is the most 
widely used in high performing Pb-based PSCs achieving record efficiencies.58 
In contrast, the inverted architecture is less commonly used in Pb-based perovskites and 
is more common in Sn-based or Pb-Sn mixed PSCs.18,82 Here, the sequence of layers for 
the device architecture follows the transparent electrode (anode) / HTL / perovskite / 
ETL / metal electrode (cathode) (Figure 2.8(b)) configuration. The inverted architecture 
is reported as more suitable for the low temperature processing of PSCs as well as avoiding 
the use of doped HTL layers83  (such as Spiro-OMeTAD, used commonly in standard Pb-
based PCSs). The charge selective layers in inverted devices are mostly polymer or 
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fullerene derivative based (adopted from OPV technology) and are more suited for large 
area processing under low temperatures.18,82 
 
Figure 2.8| Schematic illustrations of PSC device architectures of (a) standard / n-i-p and (b) inverted / 
p-i-n configurations, at forward bias. The direction of electron flow is shown by the arrows. 
 
2.3.2. Electrode Materials for Anode and Cathode 
A conventional PSC device of standard or inverted architecture has two electrodes (See 
Figure 2.9); a transparent electrode (front contact) to allow transmission of light into the 
absorber layer and a metal electrode (back contact) that also acts as a reflector for light 
transmitted in into the solar cell (the back contact can be made transparent/semi-
transparent in the case of semi-transparent solar cells for specific applications84,85). The 
metal back contact used in PSCs is generally a thin film of ( ~100-150 nm in thickness) 
of Au or Ag due to the high reflectance and desirable work function (Ag ~4.7 eV, Au 
~5.1 eV), and low reactivity (in contrast with other metals such as Al86) of these metals.73  
As front contacts, transparent conductive oxides are usually used in PSCs with the most 
common being SnO2∙In (ITO, indium doped tin oxide) and SnO2∙F (FTO, fluorine doped 
tin oxide) owing to their highly transparent, conductive and reproducible nature.43,84 
Usually these oxides are coated on a transparent substrate such as glass or plastic. ITO is 
also widely used in OPVs, CIGS and microcrystalline Si cells, while FTO is more common 
in DSSCs, CdTe and a-Si cells.87 Comparatively, FTO has a higher light transmission than 
ITO, lower cost, and more stability against physical abrasion and high temperatures, 
making this an attractive candidate in n-i-p type PSC devices that use high processing 
temperatures (~400 – 500 °C) that is often required for the deposition of the TiO2 ETL. 
Also, in some cases indium diffusion into the adjacent layers was reported with ITO.88 
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However, for flexible PSC applications, FTO coatings on plastic substrates is not possible 
due to the high processing temperatures. As a result, ITO coated PET (polyethylene 
teraphthalate) and PEN (polyethylene naphthalate) substrates are more commonly used. 
Furthermore, low temperature processed PSCs (mainly p-i-n architecture) mostly consist 
of ITO front contacts, including Sn-based perovskites.43,82 
 
2.3.3. Interlayers for Charge Selectivity 
2.3.3.1. Electron Transport Layers 
There are two main types of solution processable ETL materials used in PSCs; inorganic 
materials, mainly in the form of transition metal oxides, and organic materials such as 
fullerenes and their derivatives.89 The suitable ETL should have an energy level matching 
with the perovskite CB and a high electron mobility to efficiently transport extracted 
electrons.90 Some of the commonly used ETLs are given in Figure 2.9. 
(a) Inorganic ETLs:  
The use of transition metal oxides as ETLs was inspired by DSSC technology, and are used 
widely in n-i-p  (standard) perovskite device architecture.73 The first such ETL used in 
PSCs is TiO2, which is most commonly used to this day in high performing Pb-based 
perovskite PVs, due to the high collection efficiency of electrons by TiO2 from the 
perovskite layer. TiO2 is used both as a mesoporous layer and/or a compact layer of 
thickness < 100 nm,89 However, there are some persistent issues with this ETL that 
hinders the commercial applications, such as high temperature processing conditions 
~400 – 500 °C,91 low electron mobility,90 and instability under UV exposure.92 As suitable 
alternatives to TiO2, other transition metal oxides such as ZnO93 and SnO294 are also 
currently used, which are cast from their nanoparticle solutions. ZnO ETLs can be 
solution processed at room temperature without annealing and has a high electron 
mobility of ~205-300 cm2 V-1 s-1.95 However, some reports claim a chemical instability of 
ZnO, making it less suited for long term usage.96 In contrast, SnO2 is highly stable in air, 
and can be fabricated at relatively low temperatures (~180°C).97 However, SnO2 was 
reported to give rise to high hysteresis in devices due to the non-uniformity. This issue 
was overcome by complexing SnO2 with EDTA (ethylenediaminetetraacetic acid)98 
giving rise to PSCs with one of the record efficiencies of 21.5% for a FA0.95Cs0.05PbI3 
perovskite formula. In contrast, ZnO interlayer has given rise to efficiencies of ~15.7%.99 
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Some of the other inorganic materials for ETLs include In2O3, Nb2O5, CeOx, etc.73,89 which 
possess desirable characteristics such as low temperature processing and high electron 
mobility, but are not widely explored. 
(b) Organic ETLs: 
Most of the organic ETLs are used in the p-i-n (inverted) device architecture, and are 
adopted from developments made in OPVs. The most widely used organic ETLs include 
fullerenes (such as C60)100 or fullerene derivatives101 such as PC60BM ([6,6]-phenyl-C 61-
butyric acid methyl ester), PC70BM ([6,6]-phenyl-C 71-butyric acid methyl ester) and 
ICBA (Indene-C60 bisadduct), while there have been limited reports in the use of other 
organic molecules such as 3TPYMB (tris[3-(3-pyridyl)mesityl]borane) as well.102 The 
selection of a suitable organic ETL depends on the type of perovskite and the resulting 
band structure, and the LUMO of the organic ETL (which should align properly with the 
CB of the perovskite absorber). Both fullerene and its derivatives are considered good 
candidates due to their satisfactory electrical conductivities and charge transport 
efficiencies, excellent band alignment with perovskites and low temperature 
processability.  However the electron mobilities of these are considerably lower than that 
of inorganic ETLs.73,89 These materials are also very widely used in Sn-incorporated 
perovskite PVs,43,82 and are excellent candidates for large area, low temperature 
processing of PSCs. 
 
Figure 2.9 | Energy levels (with respect to the vacuum level) of different layers used in PSCs.79,103,104 From 
left: work functions of transparent electrodes, HOMO levels or work functions of HTLs, VB and CB levels 
of reported perovskites (VB can be tuned roughly between -4.7 and -5.6 eV and CB between -4.0 and -3.6 
eV), LUMO levels of ETLs, work functions of metal electrodes. 
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The interfaces play a critical role in charge transport and recombination in PSCs, thus 
additional interlayers are often included at the interfaces of the device, especially at the 
metal electrode and charge transport layer interface.75 As an example, for inverted PSCs 
(including Pb-Sn mixed perovskites), a thin layer (~5-7 nm) of bathocuproine (BCP) 
organic small molecules is used as a buffer layer.75,105 BCP is also commonly used in OPVs 
at the fullerene ETL/metal electrode interface. In PSCs, the use of BCP layer has been 
reported to improve contact between the metal electrode (such as Ag) and the organic 
ETL, reduce charge accumulation at the interface and reduce recombination.75,106 Many 
other organic buffer layers (such as Rhodamine 101 polyethylenimine, and methyl 
acetyacetonates) and inorganic interlayers (such as LiF, SnOx and Al-doped ZnO) have 
also been reported.75,106 
 
2.3.3.2. Hole Transport Layers 
Similar to electron transporting materials, there are two main types of solution 
processable HTL materials used in PSCs; inorganic materials and organic materials.  Some 
of the commonly used HTLs are given in Figure 2.9. The most popular and widely studied 
HTL incorporated in high performing Pb-based standard perovskite devices is the organic 
small molecule Spiro-OMeTAD (2,2′7,7′-tertrakis(N,N-p-dimethoxyphenylamino)-9,9′-
spirobifluorene), system.107 The deep HOMO level of ~5.2 eV in Spiro-OMeTAD enables 
an Ohmic contact to be formed with metals such as Au. In most PSC work reported, 
Spiro-OMeTAD should be partially oxidised by a combination of dopants materials such 
as LiTFSi (Lithium bis(trifluoromethanesulfonyl)imide), TBP (Tributyl phosphate) and 
FK209 (tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III),82,108 which enables 
improved conductivity. As a result, in addition to being an effective electron blocking 
material, the higher conductivity also enables the deposition of thicker HTL films which 
can fully cover the rough surface of the perovskite layer, thereby increasing the hole 
collection efficiency while reducing the recombination at the interface.109 Despite the 
high performance of this system as an HTL, the  dopants used have been reported to react 
with the I- ions in the perovskite layer, giving rise to some degradation.110 Moreover, it 
has been reported  that metals such as Au or Ag can diffuse into the this HTL with time, 
leading to losses in device parameters in the long term, thereby limiting its widespread 
use for commercial development.111 Most notably in Sn-incorporated perovskites, the 
presence of the above mentioned dopants in Spiro-OMeTAD was reported to result in 
increased degradation of the absorber layer.83 As a result, Sn-based PSCs are often based 
on the inverted architecture with HTL systems that does not necessitate doping.83  
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Furthermore, when used in standard PSC devices, Spiro-OMeTAD in contact with other 
metals such as silver has been observed to result in “S” shaped characteristics indicative 
of poor charge extraction as a result of a barrier at the HTL/metal junction. Thus, a thin 
interfacial interlayer is incorporated at the HTL/metal junction. Among the most 
commonly used class of interlayers include transition metal oxides such as MoOx which 
has been reported to improve hole extraction through better band alignment between 
the HTL and metal electrode, resulting in an improved device performance.112,113 MoOx 
has also been reported to allow better nucleation for the metal electrode, aiding 
deposition of thin and uniform metal films.114  
Among other organic HTL systems used is PEDOT:PSS (poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)), a polymereric HTL with a work 
function of ~5.2 eV. The initial utilisation of PEDOT:PSS in PVs stems from its use as an 
HTL in the field of OPVs, where it has since been adopted for PSCs as well as DSSCs. In 
addition to the suitable work function, PEDOT:PSS is water soluble enabling ease of 
processing and can be easily fabricated under ambient conditions. However, the inherent 
acidity of PEDOT:PSS has been reported to induce corrosion of  the ITO electrode which 
has again prevented its widespread adoption in OPV technology.115 Nevertheless as of 
present, PEDOT:PSS is the preferred HTL material of choice, mainly in  in inverted Sn-
incorporated PSCs83 as it possesses sufficient conductivity to avoid the utilisation of 
dopants that can degrade Sn incorporated perovskite absorbers. In addition to 
PEDOT:PSS, other polymers such as PTAA (poly-triarylamine), P3HT (poly-3-
hexylthiophene), PCDTBT (poly-[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-
thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl]), etc. have also been 
investigated as polymeric HTL materials for PSCs.116 However, the limited stability and 
reproducibility of the resulting devices are still challenging for polymeric HTLs, and to 
obtain high conductivity, doping similar to Spiro-OMeTAD is also needed which can 
affect the perovskite layer.73 
In addition to the above, inorganic materials such as NiOx,117 CuI,118 CuSCN,119 etc. have 
been reported, that resulted in comparable efficiencies to Spiro-OMeTAD with higher 
stability and reproducibility. 
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2.4 Metal Halide Perovskites for Photovoltaics 
The term “Perovskite” refers to materials having a general formula of ABX3, with a simple 
cubic unit cell of a large cation A (at the corners of cube), a smaller cation B (at the centre 
of the cube) and anions X (at the centre of cubic faces).120 Named after the Russian 
scientist Lev Perovski, this structure was observed in the mineral perovskite CaTiO3. 
Subsequent work has led to a number of materials possessing this structure where the X 
site can be occupied by a chalcogenide (S2-, Se2-, Te2-), halide (Cl-, Br-, I-), molecular anions 
(HCOO-, BF4-, PF6-, SCN-, etc.), etc. in combination with A and B cations with suitable 
valency (to achieve charge neutrality) and ionic radii.120,121 When halides are 
incorporated in the structure with a metal cation at the B-site, the resulting structure is 
named a “Metal Halide Perovskite”.16,121 This perovskite configuration has photoactive 
and semiconducting properties, with suitable bandgaps (~1-3 eV) for widespread use in 
photovoltaics,43,121 and provides the basis of the material system investigated in this thesis. 
2.4.1. Crystal Structure of Metal Halide Perovskites 
As introduced in Chapter 1, metal halide perovskites have an ABX3 crystal structure as 
depicted in Figure 2.10(a). For photovoltaic applications, X is often a halide anion, the A-
site is a monovalent cation; either inorganic (such as Cs+) or organic (such as CH3NH3+ 
(known as methyl ammonium or MA+), CH(NH2)2+ (known as formamidinium or FA+), 
(NH2)3C+ (known as guanidinium or GA+), etc.).16,121 The B-site cation in this case is a 
divalent metal cation. Here, although many cations have been investigated from group 2 
(Mg2+, Ca2+, Sr2+, Ba2+), group 14 (Ge2+, Sn2+, Pb2+) or from the d-block (transition metal 
cations such as Cu2+, Fe2+, Pd2+, Eu2+) of the periodic table, the most popular metals used 
to date have been Pb2+ and Sn2+,122 with the best performances given by Pb-based PSCs.73 
Figure 2.10 | (a) The ABX3 structure of metal halide perovskite made of (b) BX6 octahedra and AX3 
sublattice (cubic close packed).  
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The ABX3 structure can be explained as a mixture of a cubic close packed lattice of AX3 
(Figure 2.10(b)) with the B site occupying the octahedral cavities made by X ions. The B 
site cation is stabilised by the BX6 octahedra,122 and the stability of BX6 is decided by the 
“octahedral factor (μ)”, which takes the ionic radii of the two components 𝑟𝐵 and 𝑟𝑋 into 
account (Equation 2.13). For a stable metal halide perovskite, μ should be between 0.442 
and 0.895.122 
𝑂𝑐𝑡𝑎ℎ𝑒𝑑𝑟𝑎𝑙 𝑓𝑎𝑐𝑡𝑜𝑟 (𝜇) =  
𝑟𝐵
𝑟𝑋
 (2.13) 
 
Overall, the ABX3 structure should be neutral in charge, and all sites should have ionic 
radii that tolerate each other. This is specified by the “Goldschmidt tolerance factor (t)” 
given below, which should be between 0.8 and 1.0 for structurally stable metal halide 
perovskites.122 
𝐺𝑜𝑙𝑑𝑠𝑐ℎ𝑚𝑖𝑑𝑡 𝑡𝑜𝑙𝑒𝑟𝑒𝑛𝑐𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 (𝑡) =  
(𝑟𝐴 + 𝑟𝑋)
√2(𝑟𝐵 + 𝑟𝑋)
 
(2.14) 
 
A nearly ideal ABX3 cubic perovskite results when 0.9 < 𝑡 ≤ 1 with t  = 1 being the ideal 
scenario. When 0.8 < t < 0.9, the perovskites lattice will be distorted into a tetragonal or 
orthorhombic structure. When the A site cation is too large, it results in t > 1, while a too 
small A site cation results in t < 0.8 A site; both cases not enabling the formation of a 
stable metal halide perovskite. 
 
2.4.2. Compositional Engineering 
As discussed in the previous section, the composition of the metal halide perovskites can 
be engineered as allowed by the ionic radii and charge of the A, B and X sites. While the 
early developments in the field focussed on MA+, Pb+ and I- for the A, B and X sites 
(respectively), a growing understanding the chemical stability as well as the tenability of 
optoelectronics properties has led to the incorporation of more complex, mixed cationic 
and anionic systems. Among these, the most commonly used materials for metal halide 
perovskites in PVs have A-site cations of varying ionic radii FA+ (253 pm) > MA+ (217 
pm) > Cs+(188 pm) > Rb+ (172 pm), B-site cations of ionic radii Pb2+ (119 pm) > Sn2+ (110 
pm) > Ge2+ (73 pm), and halide ions of ionic radii I- (220 pm) > Br- (196 pm) > Cl- (181 
pm).122 
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As mentioned above, changing A, B and X sites enables tuning of the perovskite bandgap. 
However, the band edges of the perovskite is generated by the molecular orbitals of B 
and X sites.123,124  Therefore, changing the A-site does not directly affect the band edges. 
However, it controls the stability of the BX6 octahedra by providing charge balance, and 
furthermore changes the B-X distance (depending on the A-cation radius).125 Thus, a 
large (*small) A-cation such as FA+ (*MA+) will expand (*contract) the perovskite lattice 
and decreases (*increases) the B-X distance, thereby indirectly decreases (*increases) the 
bandgap (Figure 2.11).125  
Figure 2.11 | Schematic diagram showing the bandgap tuning of metal halide perovskites by altering A, B 
or X site, reused with permission.26 Copyright © 2014, Wiley 
 
However, mixtures of cations such as FA+ and MA+ at the A-site is more preferred than 
the single cation systems due to the higher thermal stability of FA+ and higher structural 
stability of MA+.126  For instance, incorporating MA+ in FAPbI3 to fabricate FAxMA1-xPbI3 
has been reported to result in a more stable perovskite structure than the single (FA+ 
based) A-site analogue. This is due to MA+ stabilising FAPbI3 against degradation into the 
photoinactive δ-FAPbI3 phase through strong interactions of MA+ with the PbI6 
octahedra.127 FA+ in turn bonds strongly with I- in the perovskite, stabilising the 
perovskite against degradation at temperatures over 165°C, which MAPbI3 cannot 
withstand.126,127 However, due to higher hygroscopic nature of FA+ these perovskites are 
reported to be highly moisture sensitive.126  In this regard, incorporation of Cs+ with FA+ 
or MA+ has been tested to fabricate CsxMA1-xPbI3 or CsxFA1-xPbI3, which resulted in 
considerably higher stability against humidity with contrast to the single A-site 
formulae.128  Cs+ also provides higher thermal stability (~120°C) for MA+ based 
perovskites128,129  and results in highly cubic perovskites (0.9 < t < 1) when incorporated 
in FA+ based perovskites129 and has also been reported to enable less stringent conditions 
when fabricating the absorber.130 When all three of the said cations mix together in a 
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triple cation perovskite formula, Cs+ was reported to entirely prevent the formation of 
the photoinactive δ-FAPbI3 phase and facilitate more grain growth.130 Multiple cation 
mixtures have been identified as structurally more stable, since the resulting perovskite 
structures tend to be more cubic. In this regard, triple cation perovskites have shown 
remarkable stability (>250 h continuous operation at maximum power point) and high 
efficiencies >21%, fabricated under inert atmosphere130 as well as ambient condition 
fabrication.131 Furthermore, it is reported that incorporation of Cs+, Rb+, K+, Na+ etc.132 in 
metal halide perovskites aid in defect passivation and thus provides increased stability. 
However, the underlying mechanisms for the observed stability enhancement is not well 
understood. 
Unlike the A-site, the B and X site molecular orbitals directly contribute to the VB and 
CB of the metal halide perovskite. Thus, by changing the B and X ions, the bandgap can 
be directly tuned.123,124 The most common strategy for B-site tuning is to incorporate Sn2+ 
to completely or partially replace Pb2+ metal ions (Figure 2.11).122 Next to Pb-only 
perovskites, Pb-Sn mixed perovskites have the highest reported efficiencies,43 and also 
represents the perovskite composition studied in this thesis (a more in-depth discussion 
on such Pb-Sn mixed systems is carried out in Section 2.6). Considering the X-site halide, 
it is widely known that Br- incorporation in I- only perovskites, increases the bandgap of 
the perovskite (Figure 2.11).133 The concentration of Br- directly correlates with the 
increase in bandgap, following a quadratic relationship, and in Pb-only perovskites the 
bandgap can be tuned from 1.6 eV (for an I- only system) to 2.5 eV (for a Br- only 
system).133 On the other hand, the effect of Cl- incorporation is not very well understood, 
despite the improved film morphology and slow crystallisation rate reported.134  
 
2.4.3. Fabrication of Absorber Layers 
The perovskite absorber layer is incorporated in the PV device as a thin film of a several 
hundred nanometres. Over the years, the structure and morphology of the perovskite 
film (fabrication of very high quality films) has been continuously considered as the 
primary point of device efficiency and stability improvement.73,135 A perovskite film is 
regarded as high quality if it is highly crystalline, pin-hole free, smooth and has large 
grains. Over the years, this has been continuously improved through the development of 
different fabrication methods, processing conditions, surface post treatments, 
compositional engineering, etc.135,136 The sensitivity of the perovskites to small changes 
of any of the said parameters, and the interdependence of the parameters to one another 
CHAPTER 2   Photovoltaic Technology and Perovskites 
33 
 
have made it difficult to identify the impact of each independent parameter on the 
reported changes in most cases.73 
2.4.3.1. Fabrication Methods 
The fabrication method of a metal halide perovskite layer can be either solution-based 
deposition or vacuum deposition.136 Solution based deposition is the most widely reported 
technique of the two, owing to the lower cost and viability of its adoption in commercial 
printed solar cells. Under laboratory conditions, spin coating is the most common 
deposition technique for this type of fabrication. Here, the perovskite precursors are  
dissolved in a suitable solvent/solvent mix for one-step deposition, or are prepared in 
separate solutions to be sequentially deposited (multi-step).136 Compared to the multi-
step route, the one-step process is straight forward, cost effective, and more suited for 
planar device architectures. However, the morphological control of the one-step process 
is reported to be more difficult than the multi-step, and more viable to result in pin-holes. 
Thus in this process, the precursor solvents and the nature, concentration and ratios of 
precursors have to be carefully fine-tuned.73,136 In contrast, the multi-step process has 
been reported to give better control over crystallisation. However, this processing route 
requires additional annealing steps to either aid crystallisation, merge the precursor 
layers or remove excess solvent accumulation as well as controlled atmospheric 
conditions in order to aid proper crystallisation.136  
Vacuum deposition of precursors can give rise to highly uniform and crystalline 
perovskite films for planar PSCs.137 However, the evaporation rate of each 
precursor/precursor mixture must be controlled to suit each other to achieve a stable 
stoichiometry throughout the films. In some cases, both vacuum and solution based 
techniques are used in sequence (multi-step), where a vacuum deposited film of 
precursor-1 is exposed to precursor-2 vapour to allow better control of the diffusion of 
the 2 precursors.138 However, vacuum techniques are not suited for low cost, large area 
applications, but has been investigated for perovskite-Si tandem architectures. 
Depending on the fabrication process, processing conditions of the perovskite layer has 
to be properly engineered. This includes the environmental conditions of fabrication 
(such as air exposure, humidity, etc.), annealing conditions (annealing temperature, time, 
controlled solvent annealing, etc.), and solvent and additive engineering73 which are 
further discussed in the following sections.  
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2.4.3.2. Environmental Conditions 
Most metal halide perovskites possess a high sensitivity to ambient conditions due to 
reactivity of the organic cations (such as FA+) present in the perovskite film towards 
atmospheric moisture and oxygen, and thus are fabricated in an inert environment.135,136 
This issue is highly persistent in Sn-incorporated perovskites, due to the rapid oxidation 
of Sn2+ to Sn4+ upon interacting with air and moisture,82 and less so in Pb-based 
perovskites. Interestingly, in Pb-only perovskites (containing Cl- in most cases), despite 
the detrimental effects from highly humid conditions, ~30% humidity in fabrication was 
reported to improve the efficiency of the PSC, by enabling the formation of large grain 
sizes, and full surface coverage without pinholes.139 Hence, controlled humidity is now 
considered as a point of morphology control in some Pb-based perovskites that allows 
the fabrication of stable PSCs under ambient conditions.131 However, Sn-incorporated 
perovskites still suffer rapid oxidation of Sn2+ to Sn4+ even when processed in a N2 filled 
glove box.  
2.4.3.3. Annealing Conditions 
Thermal annealing is commonly used in perovskite film fabrication in order to aid 
perovskite crystallisation from the precursors, remove excess solvent, and complete grain 
growth.135,136 By controlling the annealing temperature, annealing time and other 
conditions such as solvent assisted vapour annealing, the morphology of the perovskite 
film can be controlled.73 In this regard, a temperature high enough to fully crystallise the 
film should be reached, a sufficient annealing duration should be employed to complete 
crystallisation, and all components of the precursor solution must withstand the 
annealing temperature and duration of annealing.140 These aspects depend on the 
perovskite composition and thickness and should be optimised suitably.135,136 In some 
cases, two-step annealing processes (rapid annealing at high temperature followed by 
briefly heating at low temperature) were investigated141 and resulted in improvements in 
device performances through improved film morphology. Another approach is the 
“solvent-assisted vapour annealing”. While most annealing steps are carried out under 
the same conditions used for the fabrication process, solvent assisted technique is 
achieved by thermal annealing of the film under an environment of saturated solvent 
(such as DMF) vapour.142 The solvent here diffuses into the perovskite layer during 
annealing to facilitate reorganisation of precursor molecules to achieve a high-quality 
perovskite film, and this process is more frequently used in multi-step fabrication 
processes.142 
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2.4.3.4. Solvent and Additive Engineering 
Solvent engineering is primarily used to produce compact, pinhole free, highly crystalline 
and morphologically controlled perovskite films in solution-based fabrication. Today, 
perovskite precursor solutions contain a mixture of polar aprotic solvents (most 
commonly used mixture consists of DMF (N,N-Dimethylformamide) and DMSO 
(Dimethyl Sulfoxide)) to facilitate better solubility of precursors and controlled 
crystallisation.136 Adding DMSO to the precursor facilitates complete conversion of PbI2 
into the perovskite film in a controlled manner (PbI2 crystallisation lacks control when 
in DMF only) by formation of PbI2-DMSO adducts.143 Similar adducts have been reported 
for Sn-based perovskites as well (SnI2-DMSO complexes). 27,144 Using such a solvent 
system can bypass the limitations for homogenous nucleation in one-step fabrication 
processes.136 
Another widely used solvent engineering technique is “anti-solvent treatment”145 which 
has enabled the fabrication of high-quality perovskite films, and is used popularly in high 
performing PSCs.146 This technique is used to facilitate fast crystallisation of perovskites 
by overcoming the limitations posed by extremely low rate of solvent evaporation.136 The 
anti-solvent used should be well miscible with the solvents, however any of the 
perovskite precursors or the perovskite itself must not be miscible in the anti-solvent. 
Under the anti-solvent treatment process, the anti-solvent is dripped on to the perovskite 
layer during the spin coating process to cause instantaneous local supersaturation on the 
substrate which in turn, speeds up the heterogeneous nucleation.145 A range of different 
anti-solvents have been used for both Pb-based and Sn-based perovskites, the most 
common being; toluene,19,41 anisole,17,31 chlorobenzene,33  and diethyl ether.147 Although 
the effect of different anti-solvents on Pb-based perovskites have been thoroughly 
investigated,145,146 similar studies for Sn-incorporated perovskites are lacking.  
In addition to this, different additives such as acids (ascorbic acid,40 HI,148 etc.), organic 
salts (such as amine based organic salts149) or inorganic salts (such as AgI,150 CsI,130 etc.), 
polymers (such as aniline derivatives,151 polyethylene glycol,152 etc.) or water131 have been 
used to enable the growth of highly crystalline, uniform perovskite films with smooth 
surfaces. Some additives can also give rise to increased stability,130,151,152 enhancements in 
charge extraction150 and reduction of traps and defects.148 In Sn-incorporated perovskites, 
ascorbic acid or SnF2 based additives have especially been reported to provide stability 
against the Sn4+ oxidation.40,48 Depending on the perovskite system, the additives are 
incorporated either in the anti-solvent, or directly in the precursor mixture. However, 
some additives are used as post treatments of perovskite surfaces, which is further 
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discussed in the following section. Moreover, other techniques such as vacuum 
treatment153 and gas blowing techniques154 have also been reported to fabricate high 
quality perovskite films. 
2.4.3.5. Surface Post Treatments 
As discussed in the previous section, some additives are used on the perovskite films as a 
post treatment where these additives are deposited often through spin coating following 
the fabrication and annealing of the perovskite layer. These post-treatments are used to 
facilitate surface passivation (to reduce non-radiative recombination and extend charge 
carrier recombination lifetimes by reducing trap density),155 protect the perovskite layer 
against degradation,156 improve the charge transport by doping the perovskite157 and to 
allow larger crystal growth via Ostwald ripening.158 
One such method is Al2O3 post-modification, employed to protect the perovskite films 
against moisture induced degradation.156  Another method currently employed in PSCs, 
is post-treatments using guanidinium (CH6N3+ ; GA+) halides for passivation of 
traps,157,159,160 to induce Ostwald ripening of grains,158 increase the carrier lifetimes, and 
to increase stability and defect tolerance of the devices by acting as a dopant or alloy.157,161 
Although widely investigated in Pb-based perovskites, the effect of GA+ salts in Sn-
incorporated perovskites have only been reported once (using guanidinium thiocyanate) 
in a very recent study (see Section 2.6.2.2 for more details).100 Furthermore, other organic 
salts such as MABr have similarly been used in post-treatments for Pb-perovskites to 
achieve pin-hole free perovskite layers with large grains through Ostwald ripening.162 In 
Sn-based perovskites similar attempts have been reported based on Lewis-base post 
treatments with organic molecules such as ethane-1,2-diamine(edamine) to suppress 
recombination.163 
2.5 Background and Current Progress of the Field 
2.5.1. Properties of Metal Halide Perovskites 
Metal halide perovskites have gained increasing attention in photovoltaics owing to the 
ease of fabrication and exceptional photophysical properties.164,165 The origins of high 
performance in perovskites are still not well understood due to the complexity and 
interdependence of the material system and parameters such as composition, device 
architectures, interfaces, grain boundaries, film morphologies etc. The perovskite 
absorber is characterised as an intrinsic semiconductor due to the high and comparable 
mobilities of electrons and holes.166 The charges are generated as free carriers (similar to 
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Si and GaAs) and possess long lifetimes (hundreds of nanoseconds before 
recombination).167 Furthermore, perovskites possess high charge carrier diffusion lengths 
of ~1 μm for polycrystalline films (and > 100 μm for single crystals)164,165 as well as a 
number of other properties such as high light absorption, short Urbach tails in the 
absorption spectrum and the possibility of achieving high crystallinity via low 
temperature solution processing among many others.13–15  
Thus, similar to solution processed OPV cells, PSCs can be easily fabricated over large 
areas printed solar cells, but unlike OPV cells, perovskites have achieved high efficiencies 
that compete strongly with Si cells.4 However, the ionic nature of perovskite crystals 
differentiate themselves from traditional inorganic PV materials such as Si, GaAs, CdTe, 
etc. which are covalent compounds. The ionic and semiconducting nature hand in hand 
aids the ease of bandgap tuning in the range of 1.15 – 3.06 eV13 by altering the ionic 
composition of the crystal structure. PSCs present the promise of not only exceeding 30% 
PCE for single junction PSCs,16 but also reaching even higher efficiencies with all-
perovskite tandem PV devices.17–19 
 
2.5.2. Current Progress and Limitations of the Field 
Metal halide perovskites of MAPbX3 (X= I- or Br-) were first used as a sensitizer to TiO2 
electron transporting scaffold in DSSCs, attempted in 2005 by Miyasaka group.168 In 2009 
DSSC cells with perovskite sensitised-TiO2 achieved 3.8%.169 In 2012, solid perovskite 
PSCs employing Spiro-OMeTAD HTL achieved PCEs of 10.9%168 which, by 2019 has 
reached 25.2% (Figure 2.12),4 a remarkable growth of efficiencies in comparison to any 
other PV technology in history. 
However, one potential issue in these is the inherent toxicity of Pb, which is harmful to 
the environment, humans, animals and aquatic life.73 This has led to a growing body of 
work towards the development of low-Pb or Pb-free perovskites with the most common 
being Sn-based perovskites.122 Other limitations and challenges include Voc losses due to 
defect density, interfacial recombination issues, and instability in perovskite structure or 
interlayers, environmental instability and bandgaps exceeding the ideal value predicted 
by the Shockley-Queisser Limit.73  
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Figure 2.12 | (a) Current progress of Pb-based PSCs (within tinted square) reaching 25.2% in 2019,4 in 
comparison to some of the other PV technologies. (b) External quantum efficiencies and (c) J-V curves for 
some of the new PV cells, reused with permission from reference170. Copyright © 2019, Wiley. 
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2.6 Pb-Sn Mixed Perovskites 
2.6.1. Introduction to Pb-Sn Mixed Perovskites  
Considering the similar qualities of Sn and Pb, both being group 14 elements of the 
periodic table and having comparable ionic radii in the +II oxidation state (see Section 
2.4.2) enables Sn2+ to occupy the B-site almost in a similar manner as Pb2+ without 
deteriorating the perovskite lattice.24 In addition, it has also been reported that the charge 
carrier mobility of Sn perovskites (102-103 cm2 V-1 s-1) are far superior than that of the Pb 
counterparts (10-102 cm2 V-1 s-1).44 While this enables the replacement of the more toxic 
Pb2+ with the more environmentally friendly Sn2+, the increasing popularity of  Pb-Sn 
mixed perovskites in PV research has been mainly due to their inherent capability of 
reaching lower bandgaps (tuneable within 1.2 eV – 1.6 eV range by altering Pb:Sn 
ratio)18–25,27–41 that Pb-only perovskites fail to approach (Pb-only perovskite have a 
bandgap in the range of 1.6 – 2.5 eV133) (Figure 2.13). This makes them attractive 
candidates for the bottom cells (narrow bandgap cells) of all-perovskite tandem solar cells 
(enabling a theoretical maximum efficiency of 37%) which need low bandgaps to absorb 
low energy photons.29,36,42  
Figure 2.13 | Bandgaps of Pb-only(blue) and Pb-Sn mixed (red) perovskites with different compositions 
reported in recent years. Reused with permission from reference.171 Copyright © 2018, American 
Chemical Society. 
 
In all-perovskite tandem cells, the top/wide bandgap cell is a Pb-only perovskite which 
absorbs high energy photons of solar irradiation. Tandem cells are considered the best 
way to bypass the Shockley Queisser (SQ) limit, to maximise the efficiency obtained by 
PV cells, and perovskites possess the capability of fabricating these in cost effective, low 
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temperature, solution processed techniques and allows easy bandgap tuning to suit the 
application.172,173 Furthermore, if used in single junction PSCs, Pb-Sn mixed perovskites 
allow the decrement of toxic Pb2+ in PSCs.41,42 Single junction Pb-Sn cells can also achieve 
a bandgap closer to the ideal value (~1.3 eV) predicted by the Shockley-Queisser 
limit.29,36,42  
However, Compared to their Pb-only counterparts which have already achieved single 
junction PCEs of ~25% by mid-2019, Pb-Sn mixed perovskites have achieved lower 
efficiencies, the maximum being 20.5%,100 which at the time of this review limits the 
maximum performance practically achievable through tandem devices. Hence a proper 
understanding of Pb-Sn perovskites is currently required, which in turn drives a notable 
amount of research effort, by many researchers worldwide in this regard.174–177   
In terms of development of Sn based PSCs, the first incorporation of Sn2+ in Pb2+ 
perovskite to build a Pb-Sn mixed PSC device with a planar architecture was reported in 
2014 by Jen and co-workers24 which yielded a PCE of 10.1% for a MAPb0.85Sn0.15I3 
composition. By 2019, the efficiency of single junction planar Pb-Sn mixed PSCs have 
reached 20.5% (through an NREL collaboration with the Yanfa Yan group)100 via a 
FA0.6MA0.4Pb0.4Sn0.6I3 system treated with guanidinium thiocyanate (GASCN). The 
progress of single junction Pb-Sn mixed PSCs is given in Figure 2.14. The best efficiencies 
for single junction PSCs each year is given in Figure 2.14(a) with all reported inverted 
and standard devices performance given in Figure 2.14(b), along with the Voc deficit of 
the resulting PSCs Figure 2.14(b). 
Figure 2.14 | (a) Progress of single-junction Pb-Sn mixed PSCs, given as highest reported PCEs each year. 
Adopted with permission from reference43, Copyright © Wiley, 2019. (b) The reported efficiencies of low-
bandgap PSCs of standard (blue) and inverted (red) PSC architectures and (c) VOC deficit of PSCs Vs. 
bandgap. Reused with permission from reference43, Copyright © Wiley, 2019 
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In terms of tuning the optoelectronic properties of Pb-Sn mixed systems, several research 
groups have not only explored the impact of changing the Pb:Sn ratio, but also the A site 
cation, of which MAPb1-xSnxI3 (0 ≤ x ≤ 1) is the most widely investigated,12,21,22,25,26,40,30–36 
although a limited number of studies have been reported for the double cation MA1-
yFAyPb1-xSnxI3,18,20,23,40,41,100 FA1-yCsyPb1-xSnxI321,29–31 and Cs1-yMAyPb1-xSnxI321 (0 ≤ x,y ≤ 1) 
Pb-Sn mixed PSCs. However, unlike their lead counterparts, triple and quadruple cation 
Pb-Sn mixed perovskites have not been widely investigated so far, except for a recent 
study on a triple cation Cs0.05FA0.79MA0.16Pb0.664Sn0.336I2.48Br0.52 formula,176 and that 
reported in this thesis.178 In many of the above studies, an inverted device architecture is 
preferred over a standard architecture in order to allow better matching of interlayer 
band energies and more importantly, to mitigate the degradation of the Sn based 
perovskites due to dopants added to the charge transport layers. However, irrespective of 
the composition, one persistent issue has limited the Pb-Sn mixed PSCs performing to 
their maximum potential; the instability of Sn2+.28,30 The following sections discuss the 
evolution of Pb-Sn mixed PSC devices, bandgap tuning, structural and morphological 
qualities and the Sn2+ instability in Pb-Sn mixed perovskites. 
 
2.6.2. Compositional Engineering of Pb-Sn Mixed Perovskites 
As mentioned in Section 2.6.1, Pb-Sn mixed PSCs have been investigated in a wide variety 
of ABX3 formulae. The reported work on various Pb:Sn ratio and different A cations and 
X anions are given in Table 2.1 and discussed in following sections. 
2.6.2.1. Single A-Cation Systems 
The most commonly studied single A site cation system is MAPb1-xSnxI3 (0 ≤ x ≤ 1). During 
the early stages of the field, MASn0.5Pb0.5I3 was used in a standard architecture in 
combination with mesoporous TiO2 resulting in a PCE of 4.18%.22 However, planar 
inverted PSCs with MAPb0.85Sn0.15I3 composition by the Jen group yielded a higher 
efficiency of 10.1% within the same year.24 The inverted architecture was found as being 
the most suited for Pb-Sn mixed PSCs, and the employment of PEDOT:PSS as HTL and 
fullerene derivatives as ETL was first attempted by the Jen group in the same year based 
on a ITO/PEDOT:PSS/MAPb1-xSnxI3/PCBM/bis-C60/Ag stack.24 It has been reported that 
varying x in MAPb1-xSnxI3 gives rise to different crystal structures resulting in different 
PCEs41 with the highest PCE of 15.85% being reported for a Pb:Sn ratio of 0.4:0.6.177 
However in 2017, by incorporating 20% of the halide with Br- to form a 
MAPb0.5Sn0.5(I0.8Br0.2)3 perovskite, the efficiency of MA-only PSCs was improved up to 
17.63%.179 In comparison, the highest reported PCE for a Pb-Sn mixed PSC in a standard 
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device architecture achieved by a MAPb1-xSnxI3 perovskite (fabricated by chemical 
vapour deposition technique) is 14.4%.180  
Table 2.1 | Reported work on Pb-Sn Mixed planar inverted PSCs up to date. The results are listed in 
the order of increasing Sn content.  
Number Perovskite composition Pb : Sn PCE(%) Ref. 
2016 MAPb0.75Sn0.25I3 0.75 : 0.25 14.35 Yang et al 41 
2016 FA0.5MA0.5Pb0.75Sn0.25I3 0.75 : 0.25 14.19 Yang et al 41 
2016 MAPb0.75Sn0.25I3 0.75 : 0.25 14.12 Liu et al 27 
2016 Cs0.1MA0.9Pb0.75Sn0.25I3 0.75 : 0.25 14.55 Xiao et al 21 
2016 FAPb0.75Sn0.25I3 0.75 : 0.25 10.27 Xiao et al 21 
2016 Cs0.2FA0.8Pb0.75Sn0.25I3 0.75 : 0.25 14.46 Xiao et al 21 
2016 MAPb0.75Sn0.25(I0.4Br0.6)3 0.75 : 0.25 12.59 Xiao et al 21 
2017 MAPb0.75Sn0.25I3 0.75 : 0.25 13.7 Liu et al 175 
2017 MAPb0.75Sn0.25I3 0.75 : 0.25 15.2 Zhu et al 38 
2017 MAPb0.75Sn0.25I3 0.75 : 0.25 12.08 Li et al 37 
2018 FAPb0.75Sn0.25I3 0.75 : 0.25 17.25 Chi et al 181 
2017 Cs0.3FA0.7Pb0.7Sn0.3I3 0.7 : 0.3 14.6 Zong et al 182 
2018 FA0.7MA0.3Pb0.7Sn0.3I3 0.7 : 0.3 13.6 Wang et al 183 
2019 Cs0.05FA0.79MA0.16Pb0.664Sn0.336I2.48Br0.52 0.664 : 0.336 16 Ji et al 176 
2019 FA0.85MA0.15Pb0.6Sn0.4I0.85Br0.15 0.6 : 0.4 18.21 Zhu et al 177 
2016 MAPb0.5Sn0.5I3 0.5 : 0.5 6.87 Lyu et al 33 
2016 Cs0.1MA0.9Pb0.75Sn0.25I3 0.5 : 0.5 10.07 Xiao et al 21 
2016 FAPb0.5Sn0.5I3 0.5 : 0.5 8.44 Xiao et al 21 
2016 Cs0.2FA0.8Pb0.5Sn0.5I3 0.5 : 0.5 11.63 Xiao et al 21 
2016 Cs0.25FA0.75Pb0.5Sn0.5I3 0.5 : 0.5 14.8 Eperon et al 184 
2016 FAPb0.5Sn0.5I3 0.5 : 0.5 10.9 Eperon et al 184 
2016 MAPb0.5Sn0.5I3 0.5 : 0.5 >10 Lin et al 35 
2017 MAPb0.5Sn0.5(I0.8Br0.2)3 0.5 : 0.5 17.63 Yang et al179 
2017 FA0.5MA0.5Pb0.5Sn0.5I3 0.5 : 0.5 14.01 Xu et al 40 
2017 MAPb0.5Sn0.5I3 0.5 : 0.5 14.4 Rajagopal et al 19 
2018 FA0.5MA0.5Pb0.5Sn0.5I3 0.5 : 0.5 17.6 Kapil et al 23 
2018 FAPb0.5Sn0.5I3 0.5 : 0.5 16.27 Shao et al 185 
2018 Cs0.25FA0.75Pb0.5Sn0.5I3 0.5 : 0.5 15.6 Leijtens et al 31 
2018 MAPb0.5Sn0.5IxCl3-x 0.5 : 0.5 12.3 Liu et al 186 
2016 FA0.6MA0.4Pb0.4Sn0.6I3 0.4 : 0.6 15.08 Liao et al 20 
2017 MAPb0.4Sn0.6I3 0.4 : 0.6 10 Zhao et al 36 
2017 FA0.6MA0.4Pb0.4Sn0.6I3 0.4 : 0.6 17.6 Zhao et al 105 
2017 FA0.6MA0.4Pb0.4Sn0.6I3 0.4 : 0.6 17.8 Prasanna et al42 
2018 FA0.6MA0.4Pb0.4Sn0.6I3 0.4 : 0.6 18.03 Xu et al.187 
2018 FA0.6MA0.4Pb0.4Sn0.6I3 0.4 : 0.6 18.4 Zhao et al188 
2018 FA0.6MA0.4Pb0.4Sn0.6I3 0.4 : 0.6 19.03 Li et al189 
2019 MAPb0.4Sn0.6I3 0.4 : 0.6 15.85 Zhu et al 177 
2019 FA0.6MA0.4Pb0.4Sn0.6I3 0.4 : 0.6 20.5 Tong et al100 
 
Similar to MA-based ones, FA-only Pb-Sn mixed perovskites have also given rise to high 
efficiencies. For a ITO/NiOx/FAPb0.75Sn0.25I3/PCBM/bis-C60/Ag device stack a PCE of 
17.25% was reported.181 The bandgap of this perovskite (1.36 eV) is very close to the ideal 
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bandgap for a single junction solar cell as defined by the Shockley-Queisser limit 
(1.35eV).182,190 It was discussed in Section 2.4.2 that FAPbI3 tends to convert to its 
photoinactive δ-phase at room temperature, and the incorporation of MA+ and Cs+ was 
found to stabilise the photoactive α-phase. In Pb-Sn mixed FA-only perovskites it was 
found that a small amount of Sn2+ can help stabilise the α-phase, without the aid of any 
other A-site cation.191 Sn-incorporation also reduced the temperature needed to convert 
the δ-phase to α-phase (which usually lies in the range of ~125°C - 160°C126) to a lower 
value of ~100°C.126 This study which was carried out using a FAPb0.5Sn0.5I3 formula, was 
observed to result in highly crystalline absorbers that are robust and of high quality 
owing to the stable structure achieved. 
2.6.2.2. Double A-Cation Systems 
Similar to Pb-only perovskites, double cation systems have been studied for Pb-Sn mixed 
PSCs. Here, the perovskite precursor is mostly a mixture of (FASnI3)x(MAPbI3)1-x, with 
x=0.5 and 0.6 compositions being widely reported to result in PCEs  >15% (see Table 2.1). 
To date, the highest efficiencies (>18%) for Pb-Sn mixed PSCs have been reported for the 
above composition with x=0.6.100,187,189 In 2018, a PCE of 18.03% was achieved by one 
such system, via incorporating an ultrathin organic bulk-heterojunction semiconductor 
layer (PBDB-T:ITIC) at the HTL/perovskite interface to simultaneously provide better 
energy level alignment between absorber and interlayers, enable the growth of high-
quality perovskite films and passivation of surface defects of the absorber.187 In the same 
year, Cl- incorporation in perovskite with this composition increased the efficiency up to 
18.4%188 which was attributed to increased grain sizes, crystallinity, grain boundaries 
passivation, high charge carrier lifetimes and high carrier mobilities. Later that year, a 
PCE of 19.03% was achieved for the same composition by incorporating Br- in the 
perovskite.189 The surface recombination was reported to reduce thorough this route, 
with the defect density being reduced from 1017 to 1015 cm-3. Br- incorporation was found 
to aid in passivating the grain boundaries which contribute largely to the leakage currents 
of the Pb-Sn mixed PSCs.189 The highest reported PCE of 20.5% was achieved in 2019, by 
incorporation of GASCN in the (FASnI3)0.6(MAPbI3)0.4 perovskite.100 Remarkable charge 
carrier lifetimes of > 1μs and charge carrier diffusion lengths of ~2.5 μm were achieved 
for this PSC, with an order of magnitude reduction in defect densities. This PSC was used 
in all perovskite tandem devices as bottom cells to result in PCEs of 23.1% for a 2-
terminal device, and 25% for a 4-terminal device coupled with a 
Cs0.05FA0.8MA0.15PbI2.55Br0.45 top cell (Figure 2.15).100 
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Figure 2.15 | (a) Cross section SEM image of (FASnI3)0.6(MAPbI3)0.4 perovskite film modified with 7% 
GASCN. (b) J-V curve of the champion single junction Pb-Sn mixed PSC with the GASCN treated perovskite 
layer, with stabilised power output tracking at maximum power point (MPP) given in the inset. (c) The 
external quantum efficiency (EQE) spectrum for the said device. (d) J-V curves for a semi-transparent 
wide bandgap (Pb-based) PSC employing IZO (indium zinc oxide) as the top electrode and the filtered 
narrow bandgap (Pb-Sn mixed) bottom PSC cell using the top cell as the optical filter. (e) EQE spectra for 
the devices given in (d), with integrated current densities included. (f) Stabilised PCE for the devices given 
in (d), along with the 4-T tandem device fabricated using them under AM 1.5G 1-sun simulation. (g) MPP 
tracking of the devices in (f). (h) MPP tracking of filtered Pb-Sn mixed perovskite bottom cell compared 
to MPP tracking of filtered untreated (not treated by GASCN) Pb-Sn PSC. (i) J-V curves of 2-T tandem cell 
with top and bottom sub-cells given in inset. (j) Stabilised PCE and MPP tracking for 2-T tandem cell. 
Reused with permission from reference. Copyright © 2019, American Association for the Advancement 
of Science. 
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Beyond the benefits of FA,MA mixed perovskites as previously discussed in Section 2.4.2, 
the FA-MA mix in Pb-Sn mixed perovskites has been observed to result in slower 
oxidation of Sn2+,24 whilst enabling the formation of better quality films with uniform 
surface coverage. However, similar to Pb-only perovskites, the inherent sensitivity to 
humidity is still persistent in FA incorporated Pb-Sn perovskites. 
As discussed in Section 2.4.2, incorporation of Cs+ at the A-site in MA or FA-based Pb 
only perovskites have been proven to improve the cell to withstand the humidity. 
Similarly, in Pb-Sn mixed perovskites, incorporation of 10% Cs+ at the A-site of 
MAPb0.5Sn0.5I3 was reported to improve the stability of the resulting PSC.133 This 
combination which resulted in an initial PCE of 12.7% PCE retained 76% of its initial 
efficiency after 20 days in ambient conditions (stored in the dark, under 35% humidity) 
and was the first stable Pb-Sn mixed perovskite under storage in ambient conditions. In 
this work, the Cs+ incorporation not only reduced the crystallisation rate giving rise to 
homogenous film morphology with uniform grains, but also slowed down the Sn2+ 
oxidation by contracting the lattice with its smaller ionic radius.21 It was noted that the 
Cs+ loading should be optimised as a too higher Cs+ results in phase separation in the 
perovskite. 
Furthermore, Cs+ has also been incorporated into FA-based perovskites184,192 which has 
resulted in higher device stability against humidity, illumination and temperature. The 
incorporation of 25% Cs+ in a FAPb0.5Sn0.5I3 perovskite was reported to remarkably 
increase the PCE from 10.2% to 14.1%.184 For a (CsSnI3)0.3(FAPbI3)0.6 formula, a 15.8% 
PCE was reported by incorporating a SnF2∙3FACl Lewis base adduct in the perovskite 
precursor.192 This led to the release of SnF2 to be accumulated in the grain boundaries 
following the evaporation of FACl during the annealing step, thereby passivating the 
grain boundaries. This cell reported a remarkable retention of 90% of its initial PCE, after 
288 h in ambient air. 
2.6.2.3. Multiple A-Cation Systems 
Unlike their Pb-based counterparts, there has been very few reports for Pb-Sn mixed 
perovskites based on triple and quadruple cation formulae. However, one such triple 
cation, mixed halide system was reported recently employing a 
Cs0.05FA0.79MA0.16Pb0.664Sn0.336I2.48Br0.52 formula,176 following the reports on highly stable 
Pb-only triple cation perovskites.130 This PSC resulted in a 16% PCE and retained 93% of 
its initial PCE for 30 days.176 The authors reported that bandgap engineering by fine 
tuning the Sn2+ stoichiometry to 0.336 as being the key to achieve a higher stability. The 
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other reported work on triple cation perovskites in the literature (employing a Sn2+ 
content of 0.5 and I- only formula) is output from the work discussed in this thesis.178 
2.6.3. Bandgap Tuning in Pb-Sn Mixed Perovskites 
As discussed in Section 2.6.1, the bandgaps of Pb-Sn perovskites are tuneable within 1.2 
eV – 1.6 eV range by altering Pb2+:Sn2+ ratio. However, with increasing Sn2+ content, the 
bandgap variation shows a bowing effect; defying the Vergard’s Law, as seen in Figure 
2.16(a).45 In other words, the bandgap first decreases with increasing Sn content, to reach 
a minimum around 40% - 60% Sn% (exact Sn% to reach minimum bandgap depends on 
the perovskite formula) and increases again with increasing Sn2+ content.45 Although the 
exact reason for this behaviour is still under debate, shifts in both VB and CB levels of 
the perovskite have been observed with the shifts in bandgap (Figure 2.16(b)).45 The 
absorption edge in IPCE and optical absorption spectra (Figure 2.16(c) and (d)) shifts to 
higher wavelengths (thus lower energies) following the incorporation of up to 50% Sn2+ 
in B-site and gradually shifts in the opposite directions when reaching 100 Sn%. 
Similarly, the PL emission peak was also reported to shift to higher and lower 
wavelengths following the same behaviour.171,182 
Figure 2.16 | Anomalous bandgap behaviour (bowing effect) of Pb-Sn mixed perovskites as seen by (a) 
plot of energy gap Vs. fraction of Pb, (b) schematic diagram showing the CB and VB levels and 
corresponding bandgap values, (c) absorption edge shift as seen in IPCE (incident photon conversion 
efficiency) spectrum and (d) absorption edge shift in an optical absorption spectrum; for a MAPbxSn1-xI3 
formula with x = 1, 0.75, 0.5, 0.25 and 0. Reproduced with permission from reference45, Copyright © 2014, 
American Chemical Society. 
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Several arguments have been proposed to explain this bandgap behaviour, such as, spin 
orbit coupling and lattice distortion with the inclusion of Sn2+,193 short range ordering of 
Pb-Sn atoms,184 deeper CBmin of MASnI3 and shallower VBmax of MAPbI3,194 and the 
energy mismatch of atomic orbitals of Pb2+ and Sn2+.171 In Pb-only perovskites such as 
MAPbI3, the band structure originates from the atomic orbitals of Pb and I.123 The VBmax 
consists of σ-antibonding interactions between Pb(6s) and I(5p) orbitals, whereas the 
CBmin consists of σ-antibonding molecular orbitals generated by Pb(6p) and I(5s) and π-
antibonding interactions of Pb(6p) and I(5p) orbitals.123 it is generally accepted that 
similar bonding among Sn and I atomic orbitals occur in Sn-based perovskites to give rise 
to its band structure.171 However, as depicted in Figure 2.17,171 the atomic orbitals of Sn 
(right) lie at more shallower energy levels than Pb orbitals (left), thus the resulting VBmax 
and CBmin are also found at shallower levels. Hence, the orbital diagram for a mixed Pb-
Sn system (Figure 2.17 (middle)) consists of a CBmin of Pb-I orbitals and a VBmax of Sn-I 
orbitals which gives rise to the anomalous behaviour in the bandgap.  
 
Figure 2.17 | Schematic representation of the origin of the band gap bowing in MAPbxSn1-xI3. Shaded 
regions represent the valence and conduction bands with white gap in the middle representing the 
bandgap energy, Eg. Reused with permission from reference.171 Copyright © 2018, American Chemical 
Society. 
 
Similar to Pb-perovskites, the bandgap of Pb-Sn mixed perovskites can be directly tuned 
by changing the X-site, where the incorporation of Br- in I – perovskites is most 
commonly reported to widen the band gap. The A-site can also affect tune the bandgap 
by either tilting the BX6 octahedra or contracting the perovskite lattice.42  For instance, 
the incorporation of Cs+ in FA-based Pb-Sn perovskites rich in Pb is reported to increase 
the bandgap via octahedral tilting and, in Sn-rich perovskites this has given rise to lower 
bandgaps due to lattice contraction.42 
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2.6.4. Instability of Sn2+ 
Irrespective of the composition, one persistent issue has limited the Pb-Sn mixed PSCs 
performing to their maximum potential; the instability of Sn2+.28,30 Sn is 
thermodynamically susceptible to oxidising into its more stable ionic form Sn4+ (Equation 
2.15) and hence is tremendously sensitive to air and moisture. 
𝑆𝑛2+ →  𝑆𝑛4+ + 2𝑒− (2.15) 
When in the perovskite matrix, this oxidation process is said to produce Sn vacancies 
which deteriorates the lattice. Furthermore, the resulting Sn4+ ions act as p-type dopants 
in the perovskite film which is known as the “self-doping process”.48–50 These dopants 
play a major role in non-radiative recombination in Sn-incorporated perovskites, acting 
as trap sites for mobile charge carriers.28,51 Most Sn-incorporated perovskite films are 
reported to be p-type due to the Sn4+ doping, and this high carrier concentration can 
reduce the charge carrier mobility by contributing to scattering.195 
As a result, it is widely accepted that reducing the oxidation process is key to enhancing 
efficiencies in Sn-based PSCs. Therefore, it is essential to fabricate Sn-based PSCs  in the 
absence of oxygen and moisture, and proper encapsulation is needed when devices are 
being tested in ambient conditions.48 It has been reported that incorporating ≥ 50% of 
Pb2+ in Pb-Sn mixed perovskite systems significantly lower the tin oxidation process.30 
Furthermore, the incorporation of additives (the most commonly used additive being 
SnF2 ) into the perovskite precursor to slow down the oxidation process (which can still 
occur even under controlled conditions) is a widely adopted strategy by the research 
community.20,30,48 The F- anion has a much smaller radius (129 pm)122 compared to the 
other halides used in perovskites, and hence will not inhibit the perovskite crystals, but 
segregate at the grain boundaries.82 Thus, improvements were observed with SnF2 
addition in Pb-Sn perovskites, without any change in the bandgap.82,196 However, the 
amount of SnF2 has to be optimised (20% of overall Sn2+ concentration is generally 
accepted), since increasing amounts of SnF2 can be detrimental to the device 
performance.196 SnF2 can also be used in adduct form as SnF2-DMSO197 or SnF2-3FACl192 
to reduce trap densities and enhance charge transport of the resulting PSCs. 
Addition of SnF2-Pyrazine complexes198 and ascorbic acid40 as antioxidants, as well as 
H3PO2 acid199 as a reducing agent have also been reported as routes towards mitigating 
the oxidation of Sn2+. In the presence of a reducing agent, the perovskites films were 
reported to be of n-type character due to the inhibition of Sn4+ formation. 199 Compared 
to SnF2, antioxidants such as ascorbic acid were reported to have better antioxidant 
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capabilities,40 further preventing carrier recombination of Pb-Sn mixed perovskites and 
improving long term stability. Additives such as MASCN have also been reported200 to 
retard the Sn2+ oxidation, owing to the strong interactions between SCN- and Sn2+ which 
prevents its interaction with O2. Despite the reported attempts, Sn4+ presence on the Sn-
incorporated perovskites persists today. Hence more efforts towards understanding the 
retention or removal of Sn4+ are still needed in Pb-Sn mixed perovskites. 
 
2.6.5. Attempts towards High Performance 
As discussed in Section 2.4.3, high-quality perovskite films are the key to high performing 
PSCs. Previous work has indicated that the grain morphology, grain sizes, crystallinity, 
and electronic quality of Pb-Sn perovskite films depend on the nature of the charge 
transport layer on which they are fabricated.45,195 Favourable effects of an 
organic/polymer HTL with contrast to a metal oxide ETL on the resulting Pb-Sn 
perovskite film is one of the reasons for the prevailing preference for inverted 
architectures. Compared to the Pb-only analogues, Pb-Sn mixed perovskites are known 
to achieve better surface coverage owing to the “flower-like” patterns of grain growth. 
24,184 Similar to Pb-based perovskites, solvent engineering (such as incorporating DMSO 
in DMF), use of anti-solvents37 or additives (such as SnF2∙3FACl, ascorbic acid, SnF2, etc.), 
solvent annealing (using DMF vapour)37 have been employed to achieve better quality 
grains and large grain sizes up to micron sizes,37 while inhibiting Sn2+ oxidation.18,38,192 
The utilisation of DMSO in the precursor solvent mix is well known to form adducts with 
SnI2 which has enabled a more controlled crystal growth to be achieved.38 Employing 
different fabrication techniques such as chemical vapour deposition have also given rise 
to grain sizes > 5 μm. The incorporation of Cl- in Pb-Sn perovskites134,195 has also been 
reported to result in increased grain sizes, high crystallinity, functionalisation of grain 
boundaries, and reduction of electronic disorder, giving rise to higher charge carrier 
lifetimes, carrier mobilities and improved PSC performances.134,195 Similar effects have 
been observed with Br- incorporation.189 
Beyond the above factors, the Pb:Sn ratio and the composition of the perovskite, as well 
as the film thickness strongly affect the resulting grain morphology and grain sizes.18 It 
was reported when the film thicknesses were increased from 400 nm to 1010 nm, the 
resulting grain sizes also increased from ~300 to ~1000 nm which also enabled longer 
charge carrier lifetimes of ~255 ns.18 Many of the strategies discussed in Section 2.4.3 are 
used to optimise and enhance the performance of the Pb-Sn mixed perovskites. 
Additional steps have been employed towards Sn2+ stabilisation as explained in Section 
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2.6.4. Most attempts in achieving high efficiencies reported a reduction in trap density 
and recombination in the resulting film, giving rise to enhanced PCEs.100,186 Thus, the 
passivation of grain boundaries and reducing surface and bulk trap densities are key 
points in enhancing the performance of Pb-Sn mixed perovskite films. From the reported 
surface treatments, GASCN has proven to give the highest efficiencies reported so far, as 
discussed in Section 2.6.2.2. GA+ salts have also gained increased attention in Pb-only 
PSCs and therefore can be considered as an attractive candidate in aiding further 
improvements in Pb-Sn mixed perovskites. 
2.7 Summary  
This chapter discussed the photovoltaic device physics and the operation of perovskite 
solar cells. Both p-n and p-i-n diodes were discussed, followed by the operation principles 
of a PV device and recombination mechanisms. Next the attention was focused on 
perovskite solar cells, where standard and inverted architectures were discussed along 
with the selection of interlayers and electrodes. Following this, the perovskite 
semiconductors for photovoltaic applications were discussed in detail, with structural, 
compositional and fabrication process engineering techniques. The background and 
current progress of the field was discussed next, specially focusing on Pb-Sn mixed 
perovskites. Background and compositional engineering as well as the bandgap tuning of 
Pb-Sn mixed perovskites were discussed which was followed by a discussion on the main 
limitation of Pb-Sn PSCs; the occurrence of Sn4+. Finally, the attempts in improving these 
systems were summarised, introducing possible pathways for further improvement. 
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Chapter 3 
Experimental Techniques 
 
In this chapter, the experimental techniques used in this thesis are introduced. This starts 
with the sample and device fabrication techniques, followed by the PV device 
performance characterisation for current-voltage behaviour and external quantum 
efficiency measurements. Further electrical characterisation techniques employing a 
Platform for All-In-One characterisation for Solar cells (PAIOS) are discussed next. This 
is followed by structural, compositional and electronic characterisation such as 
microscopic, X-ray diffraction and spectroscopic techniques. 
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3.1 Fabrication Techniques 
Photovoltaic device fabrication can be carried out using a number of techniques such as 
solution casting and vacuum deposition, commonly after a thorough cleaning of the 
substrates to remove contaminants on the substrate surfaces. For large area devices, 
additional techniques such as slot die coating or doctor blading can be employed. The 
work described in this thesis used spin coating to deposit the perovskite absorber layer 
and charge selective interlayers, while employing vacuum thermal evaporation to 
fabricate the electrodes, as described in Chapters 4, 5 and 6. 
3.1.1. Substrate Cleaning and Pre-Treatment Processes 
Perovskite PV devices contain thin films with nanometre scale thicknesses. For such 
devices, dust particles and other impurities on the substrate surfaces can be detrimental 
for the device performance. Organic contaminants on the substrates can also decrease the 
polarity and hence the wettability of the surface, preventing the uniform coating of the 
film. Therefore, several cleaning steps and substrate pre-treatment processes are 
commonly employed prior to PV device fabrication. In this work, first, the substrates 
were subject to a solvent cleaning sequence, to remove any dust particles and inorganic 
or organic contaminants. An ultrasonic bath (at 32-38 kHz) was employed to clean the 
substrates (glass, ITO coated glass, Si or quartz) subsequently in acetone, 2-propanol and 
methanol (5 min each) and a N2 gas gun was used to blow dry the samples. 
The next step of cleaning is the O2 plasma pre-treatment, commonly known as “plasma 
ashing”. This technique creates a plasma by exciting O2 gas under very low pressure.201 
The plasma reacts with carbon-based impurities on the substrate surfaces to produce 
volatile species/gases that can be removed by a vacuum pump. This process not only 
produces an ultra-clean surface, free of organic matter, but also oxygenates and creates 
polar functional groups on the surface. Both these processes increase the surface energy 
of the substrates, and the resulting hydrophilic surface can be easily coated by the 
precursor solutions (increased wettability).201 In this work, an Emitect K1050X plasma 
cleaner was used to pre-treat the samples, operated at 100 W with an O2 gas flow rate of 
~15 sccm, and an ashing time of 5 min. The thin films were coated immediately after 
plasma ashing to prevent re-contamination, and to maintain the hydrophilic nature of 
the substrates. 
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3.1.2. Thin Film Fabrication; Spin Coating Technique 
Spin coating is a commonly used technique in thin film fabrication.202 Here, a substrate 
is mounted on a plastic “chuck” where a vacuum suction system is employed to hold the 
sample steadily in place (Figure 3.1). The chuck can be rotated at a given rate of 
revolutions per minute (RPM), time and acceleration that are pre-programmed in the 
system prior to the coating process. The precursor solution of choice is dispersed on the 
substrate using a syringe or micropipette either before rotation (static dispensing) or 
during rotation (dynamic dispensing).  
Figure 3.1 | Schematic representation of the spin coating process of a solution on a substrate, where the 
sample is held in place by vacuum and rotated at an angular velocity ω. 
 
Spin coating technique has gained interest in lab-scale device fabrication as well as some 
industrial applications due to its many attractive qualities such as ease of use, ability to 
coat multiple layers of the device, high reproducibility and uses of only a small quantity 
of ink. The spin coating process can give rise to evenly coated thin films where the liquid 
ink layer is spread on the substrate due to the centrifugal force. The ink is subsequently 
spun off the substrate radially and the solvent is evaporated during the spinning process 
thereby, partially or fully drying the thin film. In most cases, the coating process is 
followed by thermal annealing to either complete the drying process or crystallisation of 
the film.  
Commonly, the film thickness is not affected by the initial quantity of ink dropped on 
the surface or the spin time, but for an even coating, these factors should be considered.202 
The thickness of the film can be affected by the spin speed (angular velocity), nature of 
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the substrate, the concentration and viscosity of the casted solution, and the boiling point 
and surface tension of the solvent.203 Furthermore, during the spin coating process, the 
concentration of the casted solution, the viscosity, and the orientation of dissolved 
material or particles within the precursor solution may change. 
 
3.1.3. Electrode Fabrication; Vacuum Thermal Evaporation 
Vacuum thermal evaporation can be used either to deposit different layers of a PV device, 
by using solid precursors (solvent free deposition) either in powder form or a 
wire/bead/pellet form. In this work, this technique is used for the silver (Ag) rear 
electrode fabrication of the PSC devices. This method employs a high vacuum chamber 
incorporated with two electrodes, through which, a crucible (typically ceramic; in the 
case of this work an Al2O3 coated tungsten basket) or coil/filament (typically tungsten) 
containing the material of interest (Figure 3.2). This is heated to a high temperature by 
slowly passing a current through the electrodes, until the material starts to evaporate. 
The rate of evaporation can be controlled by controlling the power delivered to the 
electrodes.  
Figure 3.2.| Schematic illustration of the vacuum thermal evaporation process. 
 
The samples are loaded in an “evaporation mask” which is fixed directly above the 
crucible. A remotely controlled shutter is employed to cover and reveal the samples when 
necessary, and a quartz crystal is used to measure the thickness of the deposited material. 
This is measured as a difference in oscillation frequency of the resonating quartz crystal 
upon interference by the evaporating material. The mass of the deposited material can be 
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calculated this way and if the density of the material is known, the thickness can be 
calculated. Such parameters as the density of the materials are commonly found in a 
material deposition chart (such as “Kurt. J. Lesker Material Deposition Chart” used 
here204). In this work, the Ag electrode was deposited at a rate of < 0.3 Å s-1 and a base 
pressure < 3 × 10-6 mbar. 
3.2 Device Characterisation 
3.2.1. Performance Characterisation of Photovoltaic Cells 
3.2.1.1. Solar Spectrum 
A photovoltaic cell operates under the illumination of the sun; i.e. solar irradiation, and 
converts solar energy to electrical energy. The performance of the device largely depends 
on the intensity of the solar irradiation as well as the solar spectrum at the time of 
operation. When characterizing PV devices, it is important to note that this spectrum 
differs for different locations on earth, depending on the incident angle of solar radiation 
on earth’s surface and the condition of the atmosphere at the given position.205 There is 
an intensity loss (of about 30%) of initial solar radiation while passing through the earth’s 
atmosphere due to atmospheric carbon dioxide, water vapour and dust particles, or 
various optical effects, namely reflection, absorption and scattering.205 
Taking this phenomenon into account, in order to facilitate comparison between PV 
devices characterised in different laboratories around the globe, a standardised set of solar 
spectra was introduced by the American Society for Testing and Materials (ASTM), 
named AM 0, AM 1.5 Direct (AM 1.5 D) and AM 1.5 Global (AM 1.5G) as shown in 
Figure 3.3(a). The optical air mass (AM) given here is the shortest optical path length of 
solar irradiation through the atmosphere under clear conditions, or the mass of air 
through which it passes.60 This differs according to the angle 𝜃𝑧, between the vertical 
(zenith of earth) and the centre of the sun which is known as the zenith angle (Figure 
3.3(b)).205 
The relationship of the zenith angle and the air mass is given by,205 
𝐴𝑀 =  
1
cos 𝜃𝑧
 
(3.1) 
When the sun is directly above the earth’s surface such that 𝜃𝑧 = 0, AM is equal to 1. At 
an angle of 48.2° the AM 1.5 spectra is produced. For terrestrial applications, the solar 
cells/modules are characterised using the AM 1.5 G spectrum which covers a wavelength 
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range of 280-4000 nm and has an integrated power density of 100 mW cm-2 (1000 W m-
2) and a photon flux of 4.31 × 1021 s-1m-2 integrated over the entire wavelength range.205 
Figure 3.3| (a) Standard solar spectra for space and terrestrial use,206 (b) Zenith angle and respective air 
mass (AM) as used in the standard solar spectra. 
 
3.2.1.2. Solar Simulators 
Generally, for measurement of lab scale devices or small modules, a solar simulator is 
used. This generally consists of a quartz halogen lamp coupled with mirrors and the 
appropriate filter to generate a spectral output that closely matches that of AM 1.5 G with 
an intensity of 100 mW cm-2 (1 sun). Solar simulators are characterized based on three 
characteristics; namely, spectral match, spatial non-uniformity and temporal stability of 
irradiance and each of these parameters are given a rating A, B or C as given in Table 3.1 
below. Here, solar simulators are classified as small area or large area depending on 
whether test plane is smaller than or larger than 30 cm × 30 cm respectively.207 
 
Table 3.1 | Classification of solar simulator performance according to the size of the simulator area, 
into class A,B or C under the performance of spectral match, spatial uniformity and temporal 
instability.207 
Classification of Simulator Performance 
Classification Characteristics 
 Spectral Match to All 
Intervals 
Spatial Non-uniformity 
of Irradiance 
Temporal Instability of 
Irradiance 
 Small area 
simulator 
Large area 
simulator 
Small area 
simulator 
Large area 
simulator 
Small area 
simulator 
Large area 
simulator 
Class A 0.75 to 1.25 0.75 to 1.25 2% 3% 2% 2% 
Class B 0.6 to 1.4 0.6 to 1.4 5% 5% 5% 5% 
Class C 0.4 to 2.0 0.4 to 2.0 10% 10% 10% 10% 
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In this work, for general characterisation of the solar cells, a small area class AAB Abet 
10500 solar simulator was used with a 150 W Xe arc lamp and combined with the 
appropriate optics and filters to produce AM 1.5 G spectrum. A reference Si cell 
(Newport, PVM 165) was used to calibrate the intensity to 100 mW cm-2 at the position 
where the relevant devices were mounted for testing. 
3.2.1.3. Current – Voltage (I-V) Characteristics of Solar Cells 
Characterisation of a solar cell is carried out by evaluating its current (I) - voltage (V) 
characteristics when illuminated by a solar simulator. In the work discussed here, the I-
V characteristics of the PSC devices were measured by connecting the cell directly to a 
Keithley 2400 source measure unit (SMU). As depicted in Figure 3.4(a), the PSC cell was 
mounted on a custom test bed and placed directly under the AM 1.5G spectrum generated 
by the ABET solar simulator lamp (1 sun condition calibrated to 100 mW cm-2 using the 
reference Si cell). 
Figure 3.4 | (a) Schematic representation of solar cell measurement setup equipped with ABET 10500 
(AAB) solar simulator, Keithley 2400 source measure unit (SMU) and the I-V characteristics can be read 
as a digital output, processed through Lab View software. The PSC device is mounted on a test bed, and 
illuminated through an aperture mask with a window of a known area. The electrical connections are 
made through a connector clip from the device to the SMU. (b) 4 wire measurement system connecting a 
PSC with a p-i-n device architecture, illuminated through an aperture mask. Figures are not drawn to 
scale. 
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The SMU in this instance acts as the load. In order to minimize errors due to cable 
resistance, a four-wire measurement technique was employed (Figure 3.4(b)). A black 
plastic aperture with a known test area (0.433 cm2 for p-i-n device architecture and 0.09 
cm2 for n-i-p architecture) was employed to minimize measurement errors.208 A custom 
made Lab View software was used for data collection. 
The output data consist of the I-V curve, and four main parameters, namely the open 
circuit voltage (Voc), short circuit current density (Jsc), fill factor (FF) and the power 
conversion efficiency (η or PCE), can be derived. These parameters form the basis when 
discussing the performance of a solar cell. A characteristic current-voltage curve for a 
solar cell is shown in Figure 3.5. Here, VMP and JMP respectively are the voltage and 
current density of the maximum power point. 
Figure 3.5| The characteristic solar cell current density-voltage (J-V) curve, showing short circuit current 
density (Jsc), open circuit voltage (Voc) and maximum power point, where the voltage is denoted by VMP 
and current density JMP.209 
 
The power generated by the solar cell at each point is given by the product of the current 
and the voltage. The maximum power rectangle given in Figure 3.5 corresponds to the 
maximum power the device can generate. The PCE of the solar cell can be expressed as 
the power output (Pout) of the solar cell as a fraction of the power input (Pin) from the 
solar simulator. The maximum Pout is the power at maximum power point (PMP), 
therefore,74 
𝑃𝐶𝐸 =  
𝑃𝑀𝑃
𝑃𝑖𝑛
=  
𝑉𝑀𝑃 𝐽𝑀𝑃
𝑃𝑖𝑛
 
(3.2) 
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The FF, which in essence is related to the maximum power point of the engineered device 
and also to the “square-ness” of the diode curve, is defined as,55 
𝐹𝐹 =  
𝑉𝑀𝑃 𝐽𝑀𝑃
𝑉𝑂𝐶  𝐽𝑆𝐶
 
(3.3) 
 
Substituting (3.3) in (3.2) leads to, 
𝑃𝐶𝐸 =
𝐹𝐹 𝑉𝑂𝐶  𝐽𝑆𝐶
𝑃𝑖𝑛
 
(3.4) 
 
In this work, for general characterisation, the Pin was kept constant at 100 mW cm-2 while 
for the illumination dependent measurements the input power was varied. As evident 
from Equation (3.4), the power conversion efficiency depends on the three parameters in 
the numerator, hence the optimisation of those parameters is important in maximizing 
the device performance. 
 
3.2.2. External Quantum Efficiency (EQE) of Devices 
When light is incident on an PSC device, a number of charge carriers are generated which 
can be extracted from the device. However only a fraction of the incident photons is 
absorbed by the device active layer, and a fraction of that will contribute to charge 
generation.  
External quantum efficiency (EQE) is the number of extracted charges given as a 
percentage of the number of incident photons (Equation 3.5) for a given wavelength, and 
is mathematically represented by202 
 
𝐸𝑄𝐸 =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐ℎ𝑎𝑟𝑔𝑒𝑠 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑃𝑆𝐶 𝑑𝑒𝑣𝑖𝑐𝑒
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 
(3.5) 
 
In this work, the EQE measurements of the fabricated devices were carried out using a 
dual quartz/halogen light source that covers the wavelength region of 300 – 1800 nm 
(Figure. 3.6). A 1 sun bias light was employed to mimic the recombination conditions that 
are prevalent in PSCs under high intensity illumination using a Xe lamp. All 
measurements were carried out at short circuit conditions. Consequently, the EQE can 
also be used, under these conditions, to determine the accuracy of the output current 
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measurements produced using the solar simulator, additional to the general purpose of 
determining the quantum efficiency of the fabricated devices. 
 
Figure 3.6 | Schematic representation of EQE measurement of a PSC device equipped with a light source 
covering 300-1800 nm wavelengths, a monochromator and a white bias light mimicking 1 sun 
illumination. 
 
3.2.3. Further Electrical Characterisation of PV Devices; Platform for 
All-in-One Characterisation of Solar Cells (PAIOS Steup) 
This technique involves a fairly new measurement setup developed by by Fluxim AG™, 
named Platform for All-in-One Characterisation of Solar Cells (PAIOS).210 This setup 
allows a large number of electrical characterisations (such as I-V measurements (dark / 
light intensity dependant), impedance, capacitance-voltage, transient photocurrent/ 
photovoltage, intensity modulated spectroscopy, etc) to be performed on PV devices or 
OLEDs (organic light emitting diodes) at a single run, within a significantly reduced time 
scale (~30 min). PV devices with a wide variety of light absorbing materials such as 
perovskites, organic polymers, quantum dots, CIGS, CdTe, CZTS as well as dye sensitized 
solar cells can be characterised with PAIOS system.  
This setup employs a high-power white LED as the light source for PV device 
characterisation. For OLED measurements, the LED source is replaced by a photodiode 
to detect the light emission. The setup is integrated with a “Paios control software” for 
comparison of the data acquired from different devices, as well as a drift-diffusion 
simulation software “Setfos” for simulation purposes. Figure 3.7 depicts the PAIOS setup 
for the characterisation of a PV device (solar cell measurement shown in inset). The 2-
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probe setup containing spring loaded pins with “magnetic feet” and the device alignment 
tool enables flexibility on device measurement for different sample layouts. This unit has 
low parasitic resistances so as to obtain highly accurate results. The devices are 
illuminated by the LED fixed below the measurement table, though a window. For dark 
device measurements, the set-up contains a black lid to completely cover the setup. 
However, since the white LED irradiation spectrum is slightly different from the AM1.5G 
solar spectrum, these measurements should not be used to determine the power 
conversion efficiency of PV devices. 
 
Figure 3.7 | Schematic representation of PAIOS measurement setup for the all-in-one characterisation of 
a PV device, equipped with a high-powered white LED light source, and a 2-probe setup.  
 
In this work, PAIOS setup was used to obtain the light intensity dependant I-V 
characteristics of the PSC devices, as well as the dark characteristics, device hysteresis 
and capacitance-voltage (C-V) curves (through impedance spectroscopy (IS)), as 
explained in Chapter 6. For optical excitation a white light LED is used as illumination 
source (maximum power of 740 W m-2), and the power was varied from 0.1% to 100% of 
maximum LED power, for the illumination intensity dependant I-V measurements. C-V 
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curves were recorded by varying the offset voltage in IS and keeping the oscillating 
frequency at 100 kHz. The voltage amplitude of the oscillating signal was 70 mV. 
3.3 Structural and Electrical Characterisation 
3.3.1. Scanning Electron Microscopy (SEM) 
In PSCs, it is important to examine the perovskite absorber layer morphology, as 
morphological features such as surface coverage, grain size and surface impurities enables 
a better understanding of characteristics that determines the performance of the 
semiconductor. Scanning electron microscopy (SEM) technique is useful in 
characterising these nano-structural details, at a magnification level not achievable 
through other methods such as optical microscopy. Unlike optical microscopy which uses 
light waves through a series of glass lenses to generate a magnified image, SEM uses an 
electron beam that allows it to achieve high magnification and detailed images. 
Figure 3.8(a) depicts a schematic representation of the main components of an SEM setup. 
Firstly, the electron beam is generated using either a thermionic or a field emission 
source. The electrons are accelerated through an anode at a selectable voltage between 
1- 30 kV, down a high vacuum column through the condenser and objective lenses which 
reduces the spot size and aligns the electron beam on to the sample. The scanning coils 
manipulate the beam to be scanned across the sample surface in a raster pattern. 
Figure 3.8 | (a) Schematic representation of the SEM showing the main components. (b) Signals generated 
when the electron beam interacts with the sample surface, at different depths of the sample. 
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Upon interacting with the electron beam, the sample surface emits several different types 
of signals as shown in Figure 3.8(b) depending on the energy of the electron beam and 
the sample. To analyse the surface topography of a sample, typical SEM setups are 
configured to detect the “secondary electrons” which originate as a result of inelastic 
scattering of electrons ionised from atoms in the surface or near-surface regions. These 
electrons have a much lower energy than the incident electron beam and are sensed 
through a detector that transmits the signals through an amplifier to generate a detailed 
image on the display screen. 
In this work, FEI Quanta 200F Environmental SEM setup with a FEI Nova Nanolab Dual 
FIB with a field emission source was used and samples were investigated under a vacuum 
of <10-5 mbar. 
 
3.3.2. Energy Dispersive X-Ray (EDX) Spectroscopy 
In this work, it was important to investigate the distribution of elements within the 
perovskite layers. EDX technique, typically coupled with an SEM setup, allows the 
detection of the elemental composition of a specimen through the detection of 
characteristic X-rays emitted. As discussed in the previous section, the electron beam of 
the SEM setup emits various signals (Figure 3.8(b)), including X-rays. Some of these X-
rays are generated when the electron beam removes an “inner shell electron” of an atom 
in the sample, and an “outer shell electron” relaxes to fill the void – emitting energy of 
characteristic of an X-ray. Given that the emitted X-ray has an energy equal to the energy 
difference between the “inner” and “outer” shell, it is characteristic to an element, 
enabling the identification of the compositional topography of a sample. The SEM setup 
uses an EDX detector (Figure 3.8(a)) to generate the result given as a map of the elemental 
composition on the SEM image. 
In this project, an X-act Oxford EDX Instrument coupled with the SEM was used. The 
images were analysed through INCA software by Oxford Instruments. 
 
3.3.3. X-Ray Diffraction (XRD) 
X-Ray Diffraction (XRD) is a non-destructive technique used to identify crystalline 
phases and orientation, atomic arrangement and structural properties of a material. It can 
be used for single crystal, polycrystalline or amorphous materials.211 Since the perovskites 
are crystalline materials, XRD was useful in understanding the structural properties of 
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the photoactive layers used in this work. XRD technique is based on “Bragg’s Law”, which 
is discussed below. 
The interatomic distances in materials is in the range of 0.15 – 0.4 nm, which fall in the 
wavelength range of X-rays in the electromagnetic spectrum (photon energies 3 - 8 
keV).211 When X-rays are incident on a material, those X-rays are scattered from the 
atoms within the target material. If the material has a crystalline structure, the scattered 
X-rays undergo constructive and destructive interference. This process is called 
diffraction, and can be explained by Bragg’s Law,211 
𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 (3.6) 
 
Here, θ is the angle in which the X-ray beam is reflected by the facets of the crystal, d is 
the distance between the atomic layers in crystal (Figure 3.9) and λ is the wavelength of 
incident X-ray beam, n is an integer.  
 
Figure 3.9 | Schematic illustration of the scattering of X-rays from a crystal structure, as given in Bragg’s 
law 
 
The size and shape of the unit cell of the material determine the directions of possible 
diffractions, and the intensities of resulting waves are determined by the type and 
arrangement of atoms in the crystal structure. For polycrystalline materials or powders, 
which have many small crystallites in a number of orientations, the X-ray beam interacts 
with all possible interatomic planes.  
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The experimental setup for evaluating the diffraction properties of powders comprises of 
a monochromatic X-ray source, sample stage and a detector. The sample-detector 
distance (R) is kept constant, to ensure that the measured intensity variations are due to 
the interference functions and not the differences in R. The detector is moved constantly 
in a sphere with constant radius R, with the sample at the centre of it (Figure 3.10).211 
The incident X-ray is at an angle of θ to the sample and the exiting angle is 2θ. The 
detector records these exiting signal intensities and converts to a count rate to produce 
the output spectrum. The measured intensities are then given as a function of diffraction 
angle, which can be compared to databases of known materials, to identify the materials 
and crystalline phases available in the sample. 
Figure 3.10 | Illustration of the basic measurement setup of an X-ray diffractometer. 
 
In this work, XRD spectra were obtained based on the CuKα1 (1.54060 Å) emission from 
a Rigaku Mini Flex 600 system (the work is presented in Chapter 6). 
 
3.3.4. Grazing Incidence Wide Angle X-Ray Scattering (GI-WAXS) 
This method uses the same principles as XRD given in the previous section. Grazing 
Incidence technique is more suitable for the analysis of thin films,212 where a fixed 
grazing angle of incidence; slightly above the critical angle of total reflection of the thin 
film material is used. From this technique, the penetration of X-rays into the thin layer 
is reduced to about 100Å into the material which produces enhanced signals from the 
surface, compared to the bulk.213 Grazing incidence techniques can be either wide-angle 
or small-angle. In this work, the wide-angle technique was used (GI-WAXS) where the 
incident angle ranges from 1° to 45° with respect to the sample plane. The high scattering 
intensity used in this technique is suitable for time resolved or in-situ characterisation of 
thin film samples; which was used in the work described in Chapter 4 of this thesis, where 
the crystallisation dynamics of perovskite thin films were studied during the annealing 
process (increasing temperature of the sample in-situ). 2D-GIWAXS plots could also be 
CHAPTER 3   Experimental Techniques 
66 
 
acquired probing the lateral and normal ordering at the same time. Here, depending on 
the crystallinity of the material and orientation of the planes, different characteristic 
features of the sample can be obtained in the 2D colour plot. If the material is isotropic, 
rings are observed in the 2D plot, whereas slightly oriented (textured) samples give rise 
to arcs and highly oriented crystals result in spots, as discussed in Chapter 4. However, 
this technique requires a complex analysis to produce purposeful end results. This is 
further discussed in-detail in Chapter 4, Section 4.5.1. 
GIWAXS data was collected using a Xenocs Xeuss 2.0 system with a liquid Gallium 
MetalJet (Excillum) source with 9.2 keV X-rays. X-rays were incident on perovskite film 
surfaces under vacuum for scatter reduction. Scattered X-rays from the film were 
detected using a Pilatus3R 1M detector with a typical sample to detector distance of ~330 
mm. GIWAXS data reduction was performed using the GIXSGUI Matlab toolbox, 
including corrections for solid-angle, efficiency corrections and pattern reshaping.214 
 
3.3.5. Ultra Violet–Visible–Near Infrared (UV-Vis-NIR) Spectroscopy 
Most materials absorb a certain fraction of the electromagnetic spectrum, due to the 
excitations within electronic states (electronic transitions) depending on the atomic and 
molecular composition of the material, and transitions may occur from a bonding 
(HOMO) level or non-bonding states, to an anti-bonding (LUMO) level within the 
electronic structure.8 The spectroscopic method discussed in this section is based on the 
absorption of ultra violet (UV, 190-380 nm), visible light (380-750 nm) and near infra-
red (NIR, 750-3500 nm) frequencies of materials in accordance with the said excitations.  
This technique directly measures the transmission of light through a sample. Using this 
data, the corresponding absorption spectra is calculated. A schematic illustration of the 
equipment used in this work; Varian Cary 5000 UV-Vis-IR spectrophotometer, is shown 
in Figure 3.11(a), where different light sources are used to produces the different regions 
of the electromagnetic spectrum. A mercury lamp is used to generate the UV portion of 
the spectrum while a tungsten-halogen lamp is used for Visible-NIR part of the spectrum. 
The radiation output from the lamps are passed through a monochromator to obtain a 
very small wavelength window.8 This light, then transmitted through the sample, is 
collected by a PbS detector.8 The equipment is capable of operating either in a single 
beam configuration or a dual beam configuration, where in the latter, the beam emerging 
out of the monochromator is split into two beams using a beam splitter and one beam is 
passed through the sample and the other through a reference system.  
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In the single beam configuration, which is used in this work, a reference substrate is 
measured before the sample and used as a background correction. Here, the perovskite 
thin film samples were cast on ITO/glass substrates, and a substrate without a perovskite 
layer was used as the reference. 
 
Figure 3.11 | Schematic illustration of a UV-Vis-NIR spectrometer working under single beam mode, as 
used in this work. 
 
The intensity of the transmitted light (I) is dependent on the incident light intensity (I0), 
the absorption coefficient (α) of the material and the beam’s optical path length (l) 
through the sample (Figure 3.11(b)). The relationship of these elements is given by the 
Beer Lambert law,8 
𝐼 =  𝐼0 𝑒
−𝛼𝑙 (3.7) 
This can be used to give the absorbance (A) of the material, 
𝐴 = −𝑙𝑛 (
𝐼
𝐼0
) 
(3.8) 
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3.3.6. Fourier Transform Infrared (FTIR) Spectroscopy 
3.3.6.1. Infrared Spectroscopy 
In perovskites, where a number of starting materials are combined to form the precursor 
solutions, it is worthwhile understanding the interaction of the different chemical 
components. Depending on these interactions, the crystallisation and film growth can be 
affected through processes such as adduct formation.192 Infrared (IR) spectroscopy, is a 
non-destructive technique that identifies the functional groups and bonding in chemical 
species, based on the vibrational energies (anti-symmetric) of the bonds.215 
IR radiation is a section of the electromagnetic radiation spectrum, with longer 
wavelengths than visible light. IR spectrometer uses wavelengths of 770 nm – 25 µm with 
low energy photons to excite the sample, that allow transitions within vibrational energy 
levels of a molecule (while a UV-Vis-NIR spectrometer uses a range consisting of shorter 
wavelengths with higher energy photons to allow electronic transitions). Molecules 
constantly vibrate in their natural state by stretching or bending their bonds. To be able 
to absorb IR radiation, the molecule should change its electric dipole moment during 
vibration.215 Hence, molecules that do not have a permanent dipole or that cannot induce 
a dipole moment are not IR active (homonuclear diatomic molecules such as O2, N2, etc.). 
When the natural frequency of vibration of a bond is equal to an incoming beam of IR 
radiation, the bond absorbs the radiation and the rest of the beam is transmitted through 
the sample. The absorption can be detected as a peak in the IR spectrum. The wavelength 
of the absorption is specific for each functional group / type of bond and therefore can be 
identified in the spectrum. An IR spectrum is given as a graph of intensity of absorption/ 
transmittance Vs. the wavenumber (reciprocal wavelength) of radiation in cm-1. The 
range of wavenumbers can be split into 3 regions named, far-IR (< 400 cm-1), mid-IR 
(4000 – 400 cm-1) and near-IR (NIR, 13000 – 4000 cm-1), and most of the characteristic 
peaks are mainly found in the 1800 to 400 cm-1 region of mid-IR.215  
3.3.6.2. Fourier Transform IR Spectroscopy 
Early “Dispersive” IR spectrometers used a grating to separate the IR radiation into 
wavelengths and a slit was employed to select the specific wavelength needed. The 
performance of these spectrometers suffered from several limitations such as lack of 
sensitivity, high measurement time and low wavelength accuracy due to the components 
of the spectrometer. To overcome these issues, current “Fourier-transform” IR 
spectrometers (FTIR) are used.215 It is based on generating an “interferogram” resulted by 
the interference between 2 beams of radiation, and decoding the interferogram using a 
mathematical technique; Fourier-transformation. By using this method, all frequencies 
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of the incoming IR beam can be measured simultaneously, largely increasing the speed 
of and the sensitivity of measurement. “Michelson interferometers” are the most 
commonly used in FTIR spectroscopy, where a beam-splitter bisects the incoming IR 
beam from the IR source and directs to 2 different planar mirrors perpendicular to each 
other. As shown in Figure 3.12(a), one of the two mirrors are fixed, and the other one can 
move short distances (a few millimetres) away from beam splitter. The reflected beams 
are recombined when passing back through the beam-splitter and the exits the 
interferometer as an interferogram. 
Figure 3.12 | (a) Schematic representation of a conventional FTIR setup equipped with a Michelson 
interferometer. (b) Schematic diagram indicating the total internal reflection of the IR beam across an 
ATR crystal in contact with the sample. 
 
One advantage of the FTIR is that it can measure liquid, gas or solid samples, and the 
spectrometer can use either transmission method or reflectance method. Transmission 
uses the simple technique of passing the IR beam through a sample and detect the 
transmitted radiation, while reflectance techniques can be used for samples that are 
difficult to be measured through the conventional transmission mode. Reflectance can 
be one of two types; internal reflectance or external reflectance. In the work discussed 
here, FTIR was used to investigate the bonding in the perovskite precursor samples 
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(Chapter 4). Since the samples tested were in the liquid state, and the internal reflectance 
mode was employed using attenuated total reflectance (ATR) spectroscopy. This was 
achieved through a ZnSe crystal in close contact with the sample (liquid sample was 
dropped on the ATR crystal) and shining the IR beam through the crystal on to the 
sample surface. As depicted in Figure 3.12(b), the beam undergoes total internal 
reflection when the incident angle at the sample/crystal interface is larger than the 
critical angle, and the reflected beam was detected to identify the absorbed radiation by 
the sample. In this work, Varian 660 FTIR Spectrometer employed with a HeNe laser IR 
source was used with a ZnSe ATR crystal. Data as acquired in the mid-IR region. The 
data was processed through Agilent Resolution Pro software. 
 
3.3.7. Photoelectron Spectroscopy 
Photoelectron spectroscopy is based on the “photoelectric effect”, whereby when 
photons are incident on a solid surface, electrons are ejected from the surface. This type 
of technique measures the kinetic energy (KE) of the ejected electrons to calculate the 
binding energies (BE), to analyse compositional or electronic properties of a sample. The 
relationship between KE and BE is given by; 
𝐾𝐸 = ℎ𝜈 − 𝐵𝐸 −  𝜙 (3.9) 
Here, ℎ𝜈 is the incident photon energy and 𝜙 is the work function of the spectrometer. 
In the work reported here, 2 types of photoelectron spectroscopy are used, as discussed 
below. 
3.3.7.1. X-Ray Photoelectron Spectroscopy (XPS) 
In this work, X-ray photoelectron spectroscopy (XPS) was used to extract some of the 
most important compositional details of the perovskite samples, such as the Pb and Sn 
contents and the compositional effects of surface treatments (Chapters 5 and 6). XPS, also 
known as ESCA (Electron Spectroscopy for Chemical Analysis) is a non-destructive, 
surface sensitive technique, widely used to provide information about thin films or 
surface layers. It employs a monoenergetic (photons of one single energy) X-ray beam to 
generate photoelectrons as described above, in order to analyse the surface composition 
of the sample in terms of the types of elements and their chemical state (such as the 
oxidation state). The beam can penetrate through the sample up to a depth of ~1 μm, but 
useful details can only be extracted by detection of the photoelectrons ejected at ~10 – 
100 Å on the sample surface.  
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The energy of the beam is decided by the X-ray source which can be either Mg (photon 
energy; 𝐾𝛼 = 1.254 𝑘𝑒𝑉) or Al (𝐾𝛼 = 1.487 𝑘𝑒𝑉). These energies match well with the 
BE of the core electrons (electrons which are closest to the nucleus) of an atom, which 
are characteristic to the element. Incoming X-ray beams eject these core electrons which 
either have characteristic KE values, or with lower KE lost through collisions. Both types 
of electrons are detected, and the characteristic KE is used to calculate the BE of the 
electrons (with respect to the Fermi level) which gives rise to sharp peaks in an XPS 
spectrum, while the lower KE electrons contribute to noise in the spectrum. Auger 
electrons can also be formed and contribute to small, broad peaks. As depicted in Figure 
3.13, the XPS setup uses an ultra-high vacuum (UHV) chamber of pressure ≤ 10-9 torr to 
retain the purity of the sample surface. The generated photoelectrons travel through a 
cylindrical mirror analyser (CMA) equipped with 2 concentric metal cylinders of 
different voltage bias (positive voltage and zero voltage), which creates an electric field 
between them. If the KE of ejected electrons are too high or too low, they will collide 
with one of the cylinders, hence only the electrons with right KE will pass through to 
the detector. By altering the voltage of the cylinders, the number of electrons with 
passable KE changes and can be counted by the detector signal; and given as the peak 
intensities of the spectrum.  
Figure 3.13 | Schematic Representation of XPS spectrometer, equipped with a cylindrical mirror analyser. 
 
Spin-Orbit Coupling: One of the important characteristics of an XPS spectrum is the 
occurrence of multiple peaks for the same element. This is due to spin-orbit coupling 
arising as a result of the electrons’ magnetic dipole, movement in the orbital, and 
electrostatic interactions with the nucleus. Depending on the orbitals the electrons were 
ejected, it can give rise to multiple BE values. For s orbitals, one peak will be observed, 
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whereas for p, d, and f orbitals doublets will be observed with peak areas 1:2 (for 1/2 and 
3/2 states), 2:3 (for 3/2 and 5/2 states) and 3:4 (for 5/2 and 7/2 states) respectively. 
 In this work, a ThermoFisher Scientific Instruments (East Grinstead, UK) K-Alpha+ 
spectrometer. A monochromated Al Kα X-ray source (hν = 1.487 keV) with a spot size of 
~400 μm radius was employed. The manufacturers Avantage software was used to 
analyse the data. 
3.3.7.2. Ultraviolet Photoelectron Spectroscopy (UPS) 
In this technique, the photoelectrons are emitted by the samples which absorb ultraviolet 
(UV) photons. Similar to XPS, UPS is also a surface sensitive and non-destructive 
technique, mainly used to determine the valance band (VB) molecular orbital energies. 
In this work, this technique is used in determining the VB energy and Fermi level energy 
of the perovskite absorbers developed (Chapter 6). Figure 3.14 depicts a schematic 
representation of a basic UPS setup. UPS operates under the same principles as XPS, 
however the incident UV radiation (which is typically generated by a helium gas 
discharge lamp216) has much lower energies (h𝜈 = 10 – 45 eV) than X-rays (h𝜈 = 200 – 
2000 eV) , so that the core level of atoms are not affected by this technique. Instead, UPS 
is limited to ejecting electrons from the VB region, where a high level of orbital 
hybridisation is commonly available, hence the peak shifts in BE are much more delicate 
and diverse in UPS, giving higher sensitivity for this technique compared XPS. Individual 
peaks are not assigned for UPS and the “band like structure” is used for material 
characterisation. As shown in Figure 3.14, monochromatic UV radiation from the source 
irradiates the sample, and the emitted photoelectrons pass through the Spherical 
Deflection Analyser, to be collected at the exit slit. The number of photoelectrons is given 
as a function of their KE using an energy analyser to record a photoelectron spectrum. 
In this work, UPS measurements were carried out at room temperature using a custom 
setup equipped with a He discharge lamp and SCIENTA RS4000 photoelectron analyser. 
The valence-band photoemission spectra were obtained at a pass energy of 10 eV using a 
monochromated He II radiation (40.8 eV). To obtain the work function of a sample, the 
“tail” of the “low kinetic energy” end of the spectrum and the Fermi level energy is used 
(See Chapter 6). To obtain the true work function of the sample, it is important to apply 
a small bias (5-10 V) to the surface of the sample to differentiate the sample value from 
the spectrometer work function. Here, the work function was evaluated from the 
secondary electron cut-off measured at a pass energy of 2 eV with He Iα radiation 
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(21.22eV) on the sample biased at -5V. The work function of the analyser was evaluated 
from the Fermi level of Au(111) single crystal.  
Figure 3.14 | Schematic Representation of UPS spectrometer, equipped with a spherical deflection 
analyser. 
 
3.3.8. Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) 
TOF-SIMS uses a pulsed ion beam to remove chemical species (molecules, ions, etc.) from 
the very top surface of a sample surface. This technique can be used for, surface 
spectroscopy, surface imaging or depth profiling of a sample to detect the amounts, types 
and distribution of chemical species in a sample. In this work, TOF-SIMS was used for 
depth profiling through the cross section of perovskite absorbers (Chapter 6). This 
technique has very high sensitivity, and can detect ions, isotopes, molecular compounds, 
trace elements etc. within the mass range of 0 - 10,000 atomic mass units, with ppm level 
accuracy. A depth profile can be obtained by sequencially sputtering the surface under 
the ion beam and removing surface layers.  
Figure 3.15(a) depicts a TOF-SIMS setup similar to what was used in this work, with a 
reflectron type analyser with a linear design. Additionally an electrostatic analyser can 
be used with a circular design. The incident particle beam ejects the chemical species on 
the sample surface, from both near and far from the site of impact as depicted in Figure 
3.15(b), and the resulting particles are accelerated towards the detector through a flight 
path. The “Time-of-Flight” measurement is obtained from the “flight” time of the 
particles from the point of impact to the detector (depending on the mass of the species 
ejected), which is in the nanoseconds scale. It is important that the measurement setup 
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has an ultra-high vacuum, to increase the mean free path of the particles in the flight 
path. 
 
Figure 3.15 | Schematic Representations of (a) TOF-SIMS setup, equipped with a reflectron type analyser, 
and (b) ejection of chemical species on the sample surface by the incident particle beam. The secondary 
particles are removed far from the site of impact. 
 
In this work, TOF-SIMS analysis was carried out on an ION-TOF GmbH (Münster, 
Germany) TOF.SIMS 5 system, equipped with a reflectron type analyser and 
microchannel plate detector. A Bi liquid metal ion source (LMIS) was employed for mass 
data acquisition. Mass data was acquired using the Bi3+ cluster ion, by raster scanning over 
a 100 × 100 μm2 area. A 25 keV Bi primary ion beam delivering 0.18 pA of current was 
used and a cycle time of 100 μs was employed for mass data acquisition. For the depth 
profiling, a Cs+ ion source was employed as the sputter/etch tool. A 3 kV Cs+ primary ion 
beam was employed and the Cs+ sputter/etch area was 400 × 400 μm2. The area analysed 
by the LMIS was at the centre of the sputter/etch crater formed using the rastered Cs+ 
beam. A sputter/etch interval of 1 s was used for all of the depth profile studies described 
here. The depth profiling analyses were performed in the ‘non-interlaced’ mode, that is, 
repeat cycles of mass data acquisition by the Bi LMIS, 1 s sputter/etch by the Cs source, 
followed by 1 s charge compensation using a low energy electron flood gun were 
employed. 
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3.3.9. Steady State Photoluminescence (SS-PL) 
Photoluminescence (PL) is the emission of light following photoexcitation of a sample. 
Upon absorbing electromagnetic radiation, the electrons of a sample are excited to higher 
energy levels and subsequently relax back to the ground state, emitting the absorbed 
energy in various ways – mainly through recombination of the said electrons. If the 
recombination is radiative, the energy is released as light which can be detected by steady 
state PL. This is a non-destructive, non-contact technique typically used to determine 
the recombination mechanisms, bandgap energies, crystallinity, impurities and material 
quality, etc. of a sample. In the work described in this thesis, PL was used in Chapter 6 to 
determine the bandgap energies of perovskite semiconductor thin films. Generally, in PL 
spectroscopy, the samples are excited with incoming radiation of a wavelength that is 
sufficient for the excitation of electrons from VB to CB and the resulting re-emission 
spectrum is measured. The energy released as radiative recombination indicates the 
bandgap energy of the sample.  
In this work, a Horiba Jobin Yvon (HJY) Fluorolog spectrofluorometer was used to obtain 
the steady state photoluminescence spectra. The samples were illuminated with 475 nm 
light (bandwidth 29 nm) from a 450 W Xenon lamp with monochromator, at an intensity 
of approximately 400 Wm-2. The photoluminescence was measured with a HJY iHR320 
spectrometer coupled to a DSS-IGA020L detector.  
 
3.4 Summary 
At the beginning of this chapter, the PV device fabrication techniques were discussed, 
including the sample cleaning and pre-treatment process. Next, the solar cell 
performance characterisation was explained following the discussion on the standard 
solar spectrum and solar simulators. The classical solar simulator measurements as well 
as a new “PAIOS” measurement setup was discussed. In the latter sections of the chapter, 
structural, compositional and spectroscopic and electronical analysis methods were 
discussed, which will be used in the next sections of this thesis. 
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Chapter 4 
Effect of Anti-Solvents on the Structure of the 
Perovskites 
 
In this chapter, first, the selection of an appropriate Pb-Sn mixed perovskite formula for 
further research is discussed. This is followed by the possible influence of anti-solvent 
for Pb and Pb-Sn mixed perovskite, focusing on the surface morphology, crystallisation 
dynamics and molecular interactions on the perovskite films based on SEM, GIWAXS, 
and FTIR spectroscopy studies. Their implications on the structure-property relationship 
is critically examined. 
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4.1 Selection of Materials and the Perovskite Formula 
One of the main advantages of the ABX3 perovskite structure is the tunability of its 
optoelectronic properties  by changing the ions at A, B or X sites20–25 which permits the 
design and fabrication of narrow or wide bandgap absorber layers.  For example, the 
incorporation of Sn in Pb-based perovskites enables the reduction of the bandgap energy 
(EBG), shifting the absorption edge of the perovskites more towards the NIR (near infra-
red) side of the visible spectrum, thereby enhancing the light absorption in PV 
devices.41,42 Thus selecting a proper perovskite formula should be decided carefully, to 
suit the final application of the PV devices (such as tandem solar cells, indoor 
applications, etc.) In the following section, the selection of materials and the perovskite 
formula (achieving a low bandgap absorber layer) for this study, is discussed. 
In this work, a triple cation formula of the form Cs0.05(FA0.83MA0.17)0.95BX3 was chosen for 
the perovskite absorber layer following the work of Saliba et al.217 This is due to the 
higher stability and reproducibility of the triple cation based systems.217 This structure 
was adapted for Pb-Sn mixed perovskites, where B site metal ions were replaced by a 
mixture of Pb2+ and Sn2+. As the ratio of Pb2+ : Sn2+ in B site tunes the bandgap of the 
perovskite,22,23 to decide the suitable Sn content, a series of triple cation perovskite 
formulations were examined through UV-Vis spectroscopy for their light absorption 
properties. For this, precursor solutions of Cs0.05(FA0.83MA0.17)0.95PbxSn(x-1)(I0.83Br0.17)3 
formula were prepared with 1 ≥ x ≥ 0 for the B site, and perovskite thin films were 
fabricated through spin coating, as discussed in the following sections. 
 
4.1.2.  Materials 
Lead(II) iodide (PbI2, 99.99%) and Lead(II) bromide (PbBr2, 99.99%) were purchased 
from Tokyo Chemical Industry Co., Ltd. (TCI, Japan). Formamidinium iodide (FAI, 
≥98%), methylammonium iodide (MAI, ≥98%), methylammonium bromide (MABr, 
≥98%), caesium iodide (CsI2), tin fluoride (SnF2, 99%), tin bromide (SnBr2, 99.99%) and 
tin iodide (SnI2, 99.99%) were purchased from Sigma Aldrich (UK). Solvents dimethyl 
sulfoxide (DMSO, anhydrous, ≥99.9%), N,N-dimethylformamide (DMF, anhydrous, 
99.8%) and chlorobenzene (anhydrous, 99.8%) were purchased from Sigma Aldrich 
(UK). All materials were stored in N2 glove box and used without further purification. 
All solvents were filtered through a 0.2 μm filter prior to use.  
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4.1.3. Preparation of Perovskite Precursor Solutions 
Preparation of perovskite precursor solutions, as well as fabrication of perovskite layers 
was carried out in an N2 filled glove box (MBraun MB20G). 
PbI2, PbBr2, FAI and MAI powders were dissolved in a glass vial in a DMF:DMSO 4:1 
(v/v) solvent mixture and stirred for at least 2 h. To this, SnF2, SnBr2 and SnI2 powders 
were added. The final concentrations of the dissolved FAI and MAI salts were 1 M and 
0.2 M respectively. Combined Pb2+ + Sn2+ concentration was 1.1 M. This method was used 
to prepare 7 different perovskite solutions with Sn contents varying from 0% to 100%. 
The SnF2 molar concentration was set as 20% of the total Sn2+ (from SnI2 and SnBr2) for 
each solution. After stirring each solution continuously for at least 1 h, 42 µl of CsI in 
DMSO was added from a 1.5 M solution to each precursor solution and stirred for another 
30 min prior to fabrication of the perovskite films.  
 
4.1.4. Fabrication of Perovskite Films 
Indium-Tin-Oxide (ITO) coated glass slides with dimensions of 15 mm x 15 mm x 0.7 
mm (Luminescence Technology Corporation, 15 Ω/□) were sequentially cleaned by 
sonicating in acetone, isopropanol and methanol for 5 min each, in an ultrasonic bath 
operating at 32-38 kHz. Following this, the substrates were dried using a N2 gas gun. The 
substrates were then exposed to an O2 plasma for 5 min in an Emitech K1050X plasma 
cleaner at 100 W power, to form a hydrophilic surface and to remove organic impurities 
on the substrates. 
Following the cleaning process, the ITO/glass substrates were transferred into the glove 
box, and each substrate was spin coated with 30 µl of perovskite absorber layer 
sequentially at 1000 rpm for 8 s, and 6000 rpm for 37 s. To aid crystallisation of the 
perovskite black phase, 75 µl of chlorobenzene (anti-solvent), was dripped 5 s prior to the 
end of 2nd spinning cycle. Upon anti-solvent dropping, the perovskite layer changes 
colour from yellow to red-brown signifying the formation of a perovskite phase. To 
remove the excess solvents and complete the crystallisation, the samples were then 
annealed at 70 ⁰ C for 20 min inside the glove box.29 For high Sn percentages, the 
crystallisation of the perovskite film was observed at the anti-solvent dripping stage by a 
rapid colour change from yellow to brown. When the Sn% decreases, the rate of 
crystallisation decreased, such that, for films with a low Sn content (Sn% < 50%) a much 
slower colour change was observed (especially evident during the annealing process) and 
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the lowest crystallisation rate was clearly observed for Pb-only perovskite, similar to 
previous reports of faster crystallisation for Sn-based perovskites.218 
 
4.1.5. Effect of Pb:Sn Ratio on UV-Vis Absorption Edge 
In order to identify influence of the Pb:Sn ratio on the bandgap of the fabricated 
perovskite films, UV-Vis spectroscopy was carried out on the films. Here, a Varian Cary 
5000 UV-Vis-NIR spectrometer operated under the single beam configuration was used. 
As a reference, an uncoated ITO/glass slide was used for baseline correction. The 
absorption edge of the spectrum (strong dip in absorption profile) is generally used to 
calculate the bandgap energy (EBG) of a semiconductor, and a red shift (to higher 
wavelengths) or a blue shift (to lower wavelengths) of the absorption edge denotes a 
decrease and an increase in the EBG respectively. 
Figure 4.1(a) depicts the UV-Visible-NIR absorption spectra of the resulting perovskite 
thin films, where the centre of the absorption edge (indicated by dotted line) for each 
perovskite is taken as the absorption wavelength.  
 
Figure 4.1 | (a) UV-Visible-NIR absorption spectra of the Pb-Sn mixed perovskite thin films with formula 
Cs0.05(FA0.83MA0.17)0.95PbxSn(x-1)(I0.83Br0.17)3 with 1 ≥ x ≥ 0 ( 0 ≤ Sn% ≤ 100).  The dotted lines mark the 
wavelength at the centre of each absorption edge. (b) Behaviour of the absorption edge wavelength with 
the %Sn content, where the maximum wavelength (hence minimum EBG) is achieved when Sn content is 
50% at the B site.  
 
As shown in Figure 4.1(b), when the Sn content increases gradually from 0% to 50% (x 
= 1 to 0.5), the absorption edge red shifts to a maximum of ≈900 nm followed by a gradual 
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blue shift when Sn content is increased further. Thus, the lowest EBG of the series is 
produced by the perovskite with B site of 50% Sn and 50% Pb (x = 0.5). A low EBG is 
considered suitable as the bottom cell in all perovskite tandem solar cells, to absorb the 
lower energy photons. Incorporating 50% or less Sn in Pb-Sn perovskites has also been 
reported to have increased stability against Sn2+ oxidation to Sn4+.30 Considering the 
above, Cs0.05(FA0.83MA0.17)0.95Pb0.5Sn0.5(I0.83Br0.17)3 was initially considered as a suitable low 
bandgap perovskite candidate for this work.  
While the above study was carried out based on Br- incorporation at the X site, the 
incorporation of SnBr2 in the precursor solution was observed to give rise to cloudy 
solutions of different consistencies with repeated solution preparation. However, a 
similar cloudy precursor solution was not observed when I- was the only halide used. 
Therefore, further work was based on a triple cation system with the formula 
Cs0.05(FA0.83MA0.17)0.95Pb0.5Sn0.5I3. In addition to increasing the repetitive consistency of 
the precursor solution, this also enabled a narrower bandgap perovskite absorber to be 
obtained as seen from the further redshift in UV-Vis absorption edge. (Figure 4.2). This 
behaviour is expected considering the previous reports on bandgap tuning by tuning the 
Br- and I- in the X site of perovskites.219 
Figure 4.2 | UV-Visible-NIR absorption spectra of the Pb-Sn mixed perovskite thin films with and without 
Br- in the X site, where the I--only perovskite absorption edge redshifts further to ≈960 nm. The 
absorption edges are indicated in dotted lines for ease of the reader. 
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4.2 Anti-Solvent Optimisation 
In fabricating the perovskite thin films, the “anti-solvent treatment” during the 
deposition of the perovskite layer followed by thermal annealing is commonly used in 
both Pb-only and Pb-Sn mixed perovskites.33 Commonly employed in a dynamic 
dispensing step in laboratory scale small area PSCs, the anti-solvent method can be 
deployed in an industrial level using a dip-coating step, using an anti-solvent bath. 
Selecting the proper anti-solvent is necessary to achieve the formation of a high 
performing, pin hole free absorber layer. Although the effect of different anti-solvents 
has been studied for Pb-only perovskites,145 reports of similar studies for Pb-Sn mixed 
perovskites are seldom found in literature. Hence, to select the best anti-solvent for the 
triple cation Pb-Sn mixed perovskite utilised in this work, three of the most commonly 
used anti-solvents; toluene (TOL),19,41 anisole (ANI),17,31 and chlorobenzene (CB),33 were 
tested for their impact on the optical, morphological and crystalline properties of the 
perovskite absorber. For comparison, the triple cation Pb-only perovskite films were 
similarly tested with the same anti-solvents.  
4.3 Fabrication of Perovskite Films: Anti-Solvent Method 
4.3.1. Precursor Solution Preparation 
4.3.1.1.  Materials 
In addition to the materials discussed in Section 4.1.2., the anti-solvents; anisole 
(anhydrous, 99.8%) and toluene (anhydrous, 99.8%) were purchased from Sigma Aldrich 
(UK), and filtered inside the N2 glove box through a 0.2 μm filter.  
4.3.1.2. Pb-Sn Mixed Perovskite Solution 
PbI2, FAI and MAI powders were dissolved in a glass vial with filtered DMF:DMSO 4:1 
(v/v) solvent mixture and stirred for at least 2h. To this, SnF2 and SnI2 powders were 
added. The final concentrations of the dissolved salts were 0.65 M (0.05 M PbI2 in excess), 
1 M, 0.2 M, 0.12 M and 0.6 M respectively. After stirring this solution continuously for 
at least 1 h, 42 µl of CsI in DMSO was added from a 1.5 M solution and stirred for another 
30 min prior to fabrication of films. 
4.3.1.3. Pb-Only Perovskite Solution 
PbI2, PbBr2, FAI, and MABr powders were dissolved in a glass vial with DMF:DMSO 4:1 
(v/v) solvent mixture, such that the final concentrations of the dissolved salts were 1.2 M  
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(0.1 M PbI2 in excess), 0.2 M, 1.1 M, and 0.2 M respectively. This solution was stirred 
continuously for at least 1 h. To this, 53.2 µl of CsI in DMSO from a 1.5 M solution was 
added and stirred for another 30 min prior to fabrication of films. 
4.3.2. Thin Film Fabrication 
The films were fabricated following the same process as described in Section 4.1.4. Here, 
to aid crystallisation of the perovskite black phase, one of the tested anti-solvents (75 μl); 
CB, ANI or TOL, was dropped 5 s prior to the end of 2nd spin cycle, as depicted in Figure 
4.3. Samples were annealed at 70 ⁰ C for 20 min (Pb-Sn mixed perovskite) or 100 ⁰ C for 
1 h (Pb-only perovskite) inside the N2 glove box. 
 
Figure 4.3 | Schematic representation of perovskite thin film fabrication process via the anti-solvent route, 
where the anti-solvent (chlorobenzene (CB), anisole (ANI) or toluene (TOL); molecular structures given 
in the inset) is dropped on top of the perovskite during the spin coating process to induce crystallisation 
of the black phase. 
4.4 Surface Morphological Properties of Perovskite Films 
4.4.1. Topography of the Perovskite Absorbers 
The surface of perovskite thin films formed using the different anti-solvents were 
investigated through Scanning Electron Microscopy (SEM).  Prior to SEM measurements, 
electrical contacts were made using conductive silver ink between the metal SEM stub 
and the ITO coating on the glass substrate. The samples were investigated with an FEI 
Quanta 200F Environmental SEM setup under a vacuum of <10-5 mbar.  
Figure 4.4 depicts the SEM images for Pb-only ((a)-(c)) and Pb-Sn mixed perovskite ((d)-
(e)) layers, fabricated with different anti-solvents, showing the surface grain structures. 
To compare, a perovskite layer without the anti-solvent was also studied (Figure 4.4(g)) 
where complete surface coverage was not achieved. Visual observation indicates that the 
Pb-Sn mixed perovskites produce larger grains than the Pb-only perovskites which will 
be further discussed in the next Section 4.4.2. Even though the different anti-solvents do 
not show a visible difference on the grain structure of the Pb-Sn perovskites, some 
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pinholes were visible on the TOL quenched Pb-only perovskite film (Figure 4.4(c)) 
unlike the other two Pb-only films. 
 
Figure 4.4 | Surface SEM images of Pb-only perovskite thin films treated with (a) CB, (b) ANI, (c) TOL, and 
Pb-Sn mixed perovskite films treated with (d) CB, (e) ANI, (f) TOL and (g) without anti-solvent treatment.  
 
4.4.2. Grain Size Analysis 
The grain size analysis was carried out on each of the previously discussed SEM images 
using ImageJ software, and the resulting histograms for grain size distributions are 
depicted in Figure 4.5. To analyse the uniformity of grain size of the films, the 
distributions were fitted with Voigt functions (indicated as dashed lines on top of 
histograms in Figure 4.5). Average grain sizes for Pb-only perovskites treated with CB, 
ANI and TOL were 213 ± 23 nm, 219 ± 21 nm and 230 ± 23 nm. In comparison, Pb-Sn 
mixed perovskites produced larger grains with average grain sizes of 346 ± 27 nm for CB, 
339 ± 35 nm for ANI and 383 ± 26 nm for TOL indicating the largest grains are formed 
by toluene treatment. It should be noted that these grain sizes are comparable with Pb-
Sn mixed perovskites reported in literature for perovskites with similar Pb:Sn ratio.17 In 
optoelectronic materials (including PSCs), the grain boundaries are one source of non-
radiative recombination sites that can limit device performance.220 Therefore, the 
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formation of larger grains through the use of TOL as an anti-solvent is expected to 
decrease the grain boundary trap density. In terms of the grain size distribution of the 
Pb-Sn mixed films, those prepared using TOL as the anti-solvent demonstrate a more 
uniform distribution of grain sizes with the lowest spread of grain size data (Full Width 
Half Maximum (FWHM) of distribution 26.8 ± 4.3 nm) compared to the other two anti-
solvents (CB = 42.3 ± 26.6 nm, ANI = 58.9 ± 36.5 nm) which suggests a more homogenous 
nucleation process, desirable for the PSC devices. For Pb-only samples FWHMs of 60.3 ± 
50.2 nm (CB), 27.3 ± 20.0 nm (ANI) and 30.7 ± 18.3 nm (TOL) were obtained where CB 
was seen to produce a less homogeneous grain size distribution.  
 
Figure 4.5 | Histograms for grain size analysis of Pb-only perovskite thin films treated with (a) CB, (b) 
ANI, (c) TOL, and Pb-Sn mixed perovskite films treated with (d) CB, (e) ANI and (d) TOL. The dashed lines 
indicate the Voigt functions fitted for the histograms. 
4.5 Crystallisation Dynamics of Perovskite Films during 
Thermal Annealing 
4.5.1. GIWAXS Measurements with In-Situ Thermal Treatment 
The SEM micrographs of the Pb-Sn mixed and the Pb-only perovskite absorbers 
exhibited a grain size dependence on the anti-solvent used. However, these micrographs 
are not capable of providing further information, such as if the anti-solvent used has the 
capability to influence the formation of crystalline planes of the perovskite absorber (seed 
crystal direction, geometry of the unit cell, etc.). Since the initiation of perovskite 
crystallisation takes place upon interacting with the anti-solvent, the anti-solvent used 
CHAPTER 4   Effect of Anti-Solvents on the Structure of the 
Perovskites 
85 
 
can directly affect the crystallisation, which can be studied using X-Ray diffraction and 
scattering techniques (See Chapter 3, Section 3.3).  
In this section, the crystallisation dynamics of the triple cation Pb-only and Pb-Sn mixed 
perovskite systems quenched with different anti-solvents evaluated using Grazing 
Incidence Wide Angle X-ray Scattering (GIWAXS), during the annealing process is 
discussed. The measurement setup is coupled with a temperature-adjustable sample bed 
that can mimic the annealing conditions of the perovskite films, enabling the study of 
the crystallisation process. GIWAXS was chosen as a preferable technique due to the 
extremely thin nature of the sample films, the ability to acquire 2D mapping of the data 
and to accurately identify crystalline quality and orientation, and the availability of a 
measurement setup coupled with a heat-adjustable test bed.  
4.5.1.1. Sample Fabrication and Data Acquisition 
The perovskite films were casted on quartz coated glass substrates (Ossila), inside a N2 
filled glove box following the same procedures discussed previously in Section 4.3.2. Each 
sample was sealed in a plastic container inside the glove box, before being taken out and 
loaded into the GIWAXS setup to ensure a minimal contact with atmospheric air and 
moisture (especially required for Pb-Sn mixed perovskites).  
GIWAXS data was collected using a Xenocs Xeuss 2.0 system with a liquid Gallium 
MetalJet (Excillum) source with 9.2 keV X-rays. X-rays were incident on the perovskite 
film surface under vacuum for scatter reduction. Scattered X-rays from the film were 
then detected using a Pilatus3R 1M detector with a typical sample to detector distance of 
300 mm. The data acquisition was started before the heating process was initiated, to 
gather information of the films before annealing. The temperature was then increased at 
30°C per minute, to reach 100°C for the Pb-only perovskite and 70°C for Pb-Sn mixed 
perovskite. Measurements were taken every 2 minutes for 1 hour for the Pb-only system 
and 20 min for Pb-Sn mixed system, upon reaching the annealing temperature. Samples 
were then left to cool down to room temperature with several measurements being 
carried out during the cooling phase. However, despite the best efforts to mimic the real 
annealing process, it should be noted that the GIWAXS setup operates under vacuum, 
hence the samples were subjected to a vacuum during the annealing process which can 
potentially affect the rate of crystallisation as well as solvent evaporation. Furthermore, 
the sample fabrication step to annealing step was not as similar to that employed during 
those used for other measurements as the sample transfer from glove box to the GIWAXS 
setup required 3-5 mins. However, the technique employed is considered to enable a 
comparative study between the samples prepared using different anti-solvents. 
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4.5.1.2. Image Processing and Data analysis 
To obtain important information from the GIWAXS data, a large amount of post 
processing should be carried out. Figure 4.6 depicts the various steps of data processing 
from the initial measurement stage (Figure 4.6(a)), to reshaped 2D colour maps (Figure 
4.6(b)), to remapped plots of 𝑞𝑟 Vs. scattering angle from the normal (𝜒) (Figure 4.6(c)) 
and 1D peak profiles (Figure 4.6(d)) generated through linecuts from the previous plot. 
These steps are further discussed below. 
Figure 4.6 | (a) Schematic representation of GIWAXS measurement of a perovskite thin film, with a 2D 
detector. The in-plane and out of plane scattering gives rise to a 2D map of detected signals. (b) The 
generated 2D map is further subjected to reshaping/image processing to give rise to a 2D GIWAXS profile 
(colour map), which can be used to gather information about the sample such as the crystalline structure 
and orientation. (c) The image can be further processed to generate linecuts; where the previous ring/arc 
structure is represented as lines. (d) Linecuts can be then used to generate a 1D GIWAXS peak profile 
similar to that observed in thin film XRD measurements. 
 
Signal Detection: As depicted in Figure 4.6(a), when the sample is irradiated with X-rays, 
the crystallites in the sample scatters the beam in different directions, depending on the 
nature of the material. The scattered beams could range from in-plane (parallel to the 
sample surface) to out of plane (up to scattering perpendicular to the plane) at all angles, 
giving rise to a 2D pattern of signals on the 2D detector (area detector).221 The pattern 
can be rings, arcs or spots for isotropic, textured or highly crystalline structures221 
respectively as depicted in Figure 4.7 below.  
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Figure 4.7 | The 2D detector signal patterns (right) for isotropic, textured and highly oriented crystalline 
structures (left) 
 
For the perovskite samples studied here, the resulting detector signals mainly consisted 
of rings and spots, denoting a largely isotropic crystal structure (crystals angled in all 
directions), with some highly oriented planes in several locations. This will be further 
discussed in Sections 4.5.2 and 4.5.3. The axes of these 2D scatter patterns are given in 
terms of momentum transfer of scattering  vector (q)222 which, in turn, is related to the 
scattering angle (Ө) as given in Equation (4.1) below, where, λ is the wavelength of the 
X-rays used.222 
𝒒 =  
4𝜋 𝑠𝑖𝑛𝜃
𝜆
 
(4.1) 
  
The d-spacing can be derived by q value, (𝜆 = 2𝑑 𝑠𝑖𝑛𝜃, where d is the spacing between 
the atomic planes in the crystal; see Chapter 3, Section 3.3.3) and the relationship of q, Ө 
and d are further depicted in Appendix A (Figure A.1) which can be used in comparing 
GIWAXS obtained here to those reported in the literature. 
Reshaping: The data was next reduced and reshaped, applying necessary geometrical 
corrections and remapping considering the detector geometry (including Ewald sphere 
correction), to result in 2D profiles similar to Figure 4.6(b). Here, data reduction was 
performed using the GIXSGUI (Grazing Incidence X-ray Scattering Graphical User 
Interface) Matlab toolbox including corrections for solid-angle, efficiency corrections 
and pattern reshaping214. For the ease of data processing, a batch processing code was 
                                                   
 GIWAXS data processing along with writing MATLAB codes were kindly carried out by Joel A. Smith 
and Dr. Andrew J. Parnell, at the department of Physics and Astronomy, University of Sheffield, UK.  
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written. The colour scale for the reshaped images were adjusted to facilitate easy analysis 
of sample information. 
Linecuts: A similar code to above was used to batch process the linecuts. The q range was 
0.3 - 1.5 Å covering all observed peaks and avoiding signals from small angle scattering. 
The scattering angle, 𝜒 used was -90° to 0°. To accurately compare the relative peak 
intensities, only the left half of the 2D scatter map was taken into account as increasing 
the 𝜒 range may affect the intensity of some peaks. The resulting plots are similar to 
Figure 4.6(c), where the rings are now indicated by lines for a given q value. These plots 
were then used for further analysis of the crystallites as well as to generate the 1D peak 
profile for each scatter pattern (Figure 4.6(d)). This peak profile is somewhat similar to 
what is obtained in the generic thin film XRD measurements. However, the peak widths 
of the GIWAXS peak profiles for the perovskite films studied here were observed to be 
wider than expected. This is due to the higher instrumental contribution to the width of 
the diffraction peak in grazing incidence configuration, which deems the peak profiles 
unsuitable for calculating the crystallite sizes without instrumental corrections. 
However, peak intensity and peak position tracking can still be carried out qualitatively 
(in terms of peak shifts, etc.) along with identification of the unit cell geometry and 
crystalline plane orientations, which will be further discussed in Sections 4.5.2 and 4.5.3. 
Peak Fitting: For proper investigation of the peak profiles, further peak analysis was 
necessary by subtracting sample-specific backgrounds and fitting the peaks with known 
functions. However, the typical XRD fitting models were not suitable in this case due to 
the peak broadening discussed above, especially at higher q values. Therefore, integrating 
peak intensities in specific q ranges (for each different phase) was identified to be the best 
approach in obtaining more accurate data in this study (E.g.: For perovskite (100) peak at 
0.96 < q < 1.07 Å-1). 
4.5.2. Crystal Structure of Fabricated Perovskites 
4.5.2.1. Peak Assignment and Phase Analysis 
For both Pb-only and Pb-Sn mixed perovskites films studied here, there are 4 main 
perovskite planes observed throughout the experiment. Furthermore, depending on the 
anti-solvent and type of perovskite, other peaks related to additional materials such as 
PbI2 and the precursor phase are observed at different time scales during the annealing 
process. This is further exemplified by the GIWAXS profiles at 5 mins into the annealing 
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process (after reaching maximum temperature) for the Pb-only and Pb-Sn mixed 
perovskite samples treated with TOL anti-solvent, as given in Figure 4.8.  
Figure 4.8 | GIWAXS 1D-peak profiles (left) and 2D-scattering patterns (right) for (a) Pb-only and (b) Pb-
Sn mixed perovskite thin films fabricated with TOL anti-solvent. The plots were extracted at 5 minutes 
into the annealing process. Perovskite planes (100), (110), (111) and (200) are clearly seen in both 
perovskite types. Pb-only perovskite also show the appearance of the precursor and PbI2 phases at q < 
1.0 Å-1. 
 
The peak profiles (left) are shown prior to baseline correction along with the scattering 
profiles (right). Throughout the annealing process, 4 main peaks are clearly visible in the 
peak profile (seen in the scattering maps as rings) corresponding to (100), (110), (111) and 
(200) planes of the perovskite,223 indicative of a pseudo-cubic crystal structure (Figure 
4.9). Even though the ring structures seen in the 2D map denotes a poly-crystalline, 
isotropic structure221 with a clearly defined unit cell, the brightly coloured spots observed 
within the rings (strongly evident in (100) phase) denotes high crystalline orientation of 
a significant fraction of (100) planes with respective to the sample surface. The spots 
appear in different positions depending on the perovskite type indicating different angles 
of plane alignment with respective to the substrate, which will be further discussed in 
Section 4.5.2.2 (a). 
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Figure 4.9 | Illustration of the (100), (110), (111) and (200) planes in a cubic unit cell structure.   
 
Interestingly, the Pb-only perovskites show additional peaks at q < 1.0 Å-1 region, 
corresponding to the precursors and PbI2,223,224 whereas Pb-Sn mixed perovskite does not 
show any such additional peaks. The evolution of these peaks and the effect of different 
anti-solvents will be discussed in Section 4.5.2.2 (b). When compared to the reported 
work on double halide, double cation Pb-only perovskites52 the precursor peaks observed 
for the Pb only perovskite within 0.6 < q < 0.7 Å-1  in this study are attributed to highly 
crystalline intermediate phases formed by MABr-FAI-PbI2-PbBr2-DMSO (which has also 
been identified as a Pb3I(Br)8 polymorph).52 The reported work also shows the dissolution 
of the said peak when certain anti-solvents such as TOL and CB that are easily miscible 
with the solvents DMF and DMSO are used.52 This is evidence that appropriate anti-
solvent treatment is vital for the proper crystallisation of the perovskite, and efficient 
solvent/unreacted material removal from the samples. Furthermore, the somewhat 
increased scattering within 0.8 < q < 0.9 Å-1 could indicate the formation of 𝛿 −FAPbI3 
(hexagonal yellow phase, non-photoactive).52 None of the precursor phases are seen in 
the final Pb-perovskite after annealing, other than the emergence of the PbI2 phase as 
has been reported previously.225 
4.5.2.2. Crystallisation Dynamics of Pb-Only Perovskite Films 
In this section, the effect of anti-solvents on the crystallisation dynamics of the Pb-only 
perovskite films during the annealing process are further discussed in terms of peak 
positions, peak intensities and orientation of crystalline planes. 
(a) Peak Position and Intensity Tracking: 
Figure 4.10 depicts the GIWAXS profiles of the thin films fabricated with CB, ANI and 
TOL and the evolution of the phases during the annealing process. This is followed by 
Figure 4.11(a), where the peak profiles for the perovskite (100) plane and PbI2 phase is 
zoomed in (0.88 < q < 1.07 Å-1) to clearly indicate the evolution of peaks, and Figure 
4.11(b) where normalised peak intensity tracking over the course of annealing is depicted 
for the precursor, perovskite and PbI2 phases. Regions of interest were taken as 0.44 < q 
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< 0.55 Å-1 for precursor ((002) and (021) planes), 0.86 < q < 0.95 Å-1 for PbI2 and 0.96 < q 
< 1.07 Å-1 for perovskite ((100) plane). The intensity for the precursor peak was 
normalised considering no scattering at the end while, the intensity for the PbI2 peak was 
normalised considering no scattering at the start and the intensity for the perovskite peak 
was normalised to consider relative changes. 
In perovskites formed using CB as the anti-solvent, initially there is a small amount of 
scattering from the precursor phase q < 0.9 Å-1 (Figure 4.10(a)). As the annealing proceeds 
for ~5-15 mins, the precursor phase dissapears due to evaporation of the solvents and 
converting to crystalline perovskite phase followed by the appearance of the PbI2 phase 
at q ~9.2 Å-1. Interestingly, over the course of the 1 hour anneal, while the PbI2 gradually 
increases in intensity, the perovskite peaks appear to decrease in intensity (Figure 4.11(a) 
and (b), top) with the latter shifting to lower q values (higher d-spacing) as the annealing 
progresses (Figure 4.11(a)). This suggests that the perovskite lattice slightly expands after 
the precursor phase has been converted. It is likely that the partial presence of the 
precursor phase at the early stages of the annealing process was causing some lattice 
contraction in the perovskite phase. However, it is not clear how disperse these two 
phases (i.e. the precursor and the perovskite) are in the film, from these data alone.  
Considering the data in Figure 4.11(b), the precursor phase is observed to disappear 
within the first 15-20 min of annealing. This is most likely a consequence of the scattering 
measurements being carried out under a vacuum, which will lead to an increased solvent 
liberation from the precursor lattice, and may also accelerate PbI2 formation. (hence, it 
should be noted here, for similar experiments in the future, it may be preferable to use 
He in the chamber (Use of N2 in the chamber to exactly mimic the glove box environment 
could not be achieved with the existing experimental process, due to the possibility of 
much increased background scatter with gases other than He). Although this will also 
change material/solvent evaporation rates compared to glovebox or air annealing, it may 
still allow the slow tracking of the conversion of precursors into the perovskite phase. 
However, over the time intervals considered, the precursor phase and PbI2 peaks are not 
concurrent; such that the PbI2 peak emerges only after the precursor phase has disappeared. 
This seems consistent with the physical picture of how these phases would evolve. To give a 
more reasonable idea of the relative intensity between scattering of different phases, peak 
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tracking normalised to maximum of the perovskite peak is also given in Figure A.2 (Appendix 
A) (rather than individually normalised peaks).  
Figure 4.10 | GIWAXS peak profiles for (a) CB, (f) ANI and (k) TOL quenched Pb-only perovskite thin films 
over the course of 1 hour annealing at 100°C. The 2D scattering profiles for CB quenched sample (b) 
before annealing, (c) 5 minutes into annealing, (d) at the end of 1 hour and (e) during cooling back to 
room temperature is shown, with similar plots for ANI (g, h, i and j) and TOL (l, m, n and o) quenched 
samples. The precursor phases are seen for q < 0.9 Å-1 and PbI2 phase at q = 9.2 Å-1.  
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Figure 4.11 | (a)The GIWAXS peaks corresponding to the PbI2 phase and 100 peak of perovskite phase for 
Pb-only perovskite films quenched with CB (top), ANI (middle) and TOL (bottom), indicating the 
perovskite peak shift to lower q values (higher d-spacing), evolution of PbI2 phase and the reduction of 
perovskite phase. (b) Normalised peak intensity tracking for CB (top), ANI (middle) and TOL (bottom) 
quenched samples for precursor, PbI2 and perovskite phases (normalised to highest intensity peak of the 
respective phases).  
 
Considering the other two anti-solvents, a similar behaviour is observed. Samples 
prepared using TOL as the anti-solvent shows the most intense scattering out of all the 
anti-solvents from the precursor phase (also clearly seen in 2D profiles; Figures 4.10 (l) 
and (m)), while in the films prepared with ANI, very little precursor phase is observed with 
only a small peak detected at the start in the linecut q = 0.48 Å-1. However, the precursor in 
the TOL sample seems the most persistent and is still present after 10 minutes of annealing, 
in contrast to the other samples, denoting a somewhat slower conversion of precursor to the 
perovskite phase. In addition to the above, the PbI2 phase as well as bright spots observed 
for highly oriented crystalline planes within (100) ring is seen more clearly in the 2D maps 
for films prepared using TOL and ANI, compared to using CB (Figures 4.10 (j) and (o)). The 
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location of these spots within the rings indicate the orientation of the crystallites in the 
film and will be further discussed in the following section.  
It is noted that the type of anti-solvent, volume used, as well as timing could greatly affect 
how the precursor phase forms.146 Furthermore, each solvent has different miscibility, and 
different evaporation rates, therefore the interaction during anti-solvent treatment will be 
varied and will affect the precursor in different ways.52 Therefore, observations about the 
phase formation will be heavily fabrication process-dependent.  
(b) Effect of Anti-Solvents on Orientation of Crystalline Planes: 
From the data presented in Figure 4.11(b), perovskite films prepared using CB and TOL 
show a perovskite intensity maximum occurring during the annealing process, whereas 
the perovskite prepared using ANI as the anti-solvent appears crystalline from the start 
(normalised peak intensities for CB and TOL < 1 at t=0 whereas for ANI it is 1 at t=0). 
This is also evident in the 2D scattering profiles, where the characteristic spots indicating 
crystalline planes for ANI treated sample appear to be highly defined to a narrow portion 
of the ring, whereas CB and TOL treated samples appear to have similar lower intensity 
spots, spread over a range of angles. To obtain the orientation of the crystallites relative 
to the substrate, the 2D maps were re-plotted to q Vs. 𝜒 (azimuthal reshapes) which gives 
a direct indication of the orientation of the planes with respect to the sample surface. 
Figure 4.12(a) depicts the GIWAXS scattering profiles for samples before annealing, with 
the corresponding azimuthal reshapes. In Figure 4.12(b), scattering for (100) ring of 
different anti-solvents are magnified and compared to the normalised scattering intensity 
at each 𝜒 angle. 
As evident by the maxima of the normalised scattering intensity plots, the ANI treated 
sample appears to have a different crystalline orientation to the TOL and CB quenched 
films. This suggests that the crystallisation process in each may be different such that in 
the ANI treated sample (100) plane is more commonly at ~45° to the normal of the 
substrate. This may indicate the 45° angle between (100) and (110) planes of the cubic 
lattice. In other reported triple cation perovskites treated with anisole146, the thin film 
XRD profiles show higher scattering intensity for (110) than the (111) plane. Since thin 
film XRD measurements only indicate out-of-plane scattering, this denotes that similarly 
the (110) plane could be preferentially aligned perpendicular to the substrate with (100) 
plane at 45° for the samples quenched with ANI in this work. In the other two samples, 
this angle is around 57.5° from the vertical, which is closer to the theoretically expected 
angle of 54.7° between (110) and (111) planes and indicates that the (111) plane may tend 
to seed crystallisation. This observation again agrees with the previously mentioned 
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report,146 where the (111) plane for CB and TOL treated triple cation perovskite showed 
a higher scattering intensity than the (110) peak. The above observation is speculated to 
be a result of the precursor phases observed in CB and TOL quenched films before and at 
the early stages of annealing being more abundant that in ANI quenched films (see Figure 
4.10). The presence of additional phases/molecules within the perovskite may have 
driven the growth of the seed perovskite crystals in a specific direction, different to 
which is favoured in the absence of those intermediates. As the annealing progresses, the 
plane orientations are not observed to change, and the fully annealed perovskite lattice 
maintains the initial orientation of the crystallites. 
Figure 4.12 | (a) GIWAXS profiles for Pb-only perovskite samples before annealing (top) with the 
corresponding azimuthal reshapes (bottom) (b) The scattering patterns for (100) plane (at 0.95 < q < 
1.05 Å-1) (top) and the azimuthal integration across this narrow q range (bottom). 
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4.5.2.3. Crystallisation Dynamics of Pb-Sn Mixed Perovskite Films 
In this section, the crystallisation dynamics for the Pb-Sn mixed perovskite films is 
discussed. Interestingly, the crystallisation process and the effect of the anti-solvent was 
observed to be different in Pb-Sn mixed perovskite from the Pb-only perovskite, as 
discussed in the following sections. 
(a)  Peak Position and Intensity Tracking: 
As shown in Figure 4.13, the Pb-Sn mixed perovskite does not show any precursor or 
additional phases emerging over the course of annealing (70°C, 20 min for Pb-Sn 
perovskites), in the q < 0.9 Å-1 region. This is consistent with the Sn-based perovskites 
being more readily crystallised,218 as also visibly observed in the fabrication process. 
Moreover, the vacuum environment may have a more prominent effect on Pb-Sn mixed 
perovskites than on the Pb-only perovskites depending on the crystallisation process. The 
CB quenched samples demonstrate the appearance of a low intensity peak at q = 1.86 Å-1 
which is observed to disappear over the annealing process. This peak may correspond to 
a MAPbI3 phase (orthorhombic (102), (201) planes)226 or as reported in some XRD studies, 
to CsSnI3 227 which briefly emerges during the formation of the perovskite layer. 
However, other than the above, 1D peak profiles and 2D maps for the samples treated 
with the 3 different anti-solvents show similar characteristics.  
The peak splitting evident in the peak profiles especially at higher q is attributed to an 
instrumental artefact. The peak position and peak intensity variation of the GIWAXS 
profiles were also carried out for the Pb-Sn mixed samples, with (100) peak as a 
representative. As depicted in Figure 4.14, all 3 anti-solvents have a similar effect on the 
perovskite. The peak position shifts to lower q (higher d-spacing) analogous to the Pb-
only films, indicating an expansion of the crystal lattice. Interestingly however, unlike 
Pb-only samples, Pb-Sn mixed perovskite peaks increase in intensity as the annealing 
progresses. Both these observations indicate an increasing crystallisation with subsequent 
removal of the solvents from the annealing film.  
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Figure 4.13 | GIWAXS peak profiles for (a) CB, (f) ANI and (k) TOL quenched Pb-Sn mixed perovskite thin 
films over the course of 20 min annealing at 70°C. The 2D scattering profiles for CB treated sample (b) 
before annealing, (c) 5 minutes into annealing, (d) at the end of 20 min and (e) during cooling back to 
room temperature is shown, with similar plots for ANI (g, h, i and j) and TOL (l, m, n and o) quenched 
samples. The plots do not indicate any precursor phases or the emergence of additional phases such as 
PbI2 or SnI2. 
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Figure 4.14 | (a)The GIWAXS peaks corresponding to the (100) peak of perovskite phase for Pb-Sn mixed 
perovskite films quenched with CB (left), ANI (middle) and TOL (right), indicating the perovskite peak 
shift to lower q values (higher d-spacing), and increase in peak intensities. 
 
(b) Effect of Anti-Solvents on Orientation of Crystalline Planes: 
When compared to the Pb-only perovskites, although similar crystalline planes are 
observed here ((100), (110), (111), (200)), the orientation of the planes with respect to the 
substrate appear different in comparison to the Pb-only samples, as evident from the 
locations of characteristic spots on the 2D scattering profiles (Figure 4.13). For all anti-
solvents, the Pb-Sn mixed samples appear to have two prominent crystalline orientations 
for the (100) plane, indicated by the appearance spots at two different scattering angles. 
Figure 4.15(a) indicates the GIWAXS profiles for these samples before annealing with the 
corresponding azimuthal reshapes. Figure 4.15(b) elaborates the analysis of the plane 
orientations. The spots near 𝜒 = 0 (~5°) correspond to out of plane scattering denoting 
crystal plane growth perpendicular to the substrate surface. The second prominent 
orientation is 45° to the substrate normal.  
Interestingly, the intensity for the two separate orientations of planes seem to depend on 
the anti-solvent used (Figure 4.15, bottom pane), where TOL treatment shows a higher 
scattering intensity for the out-of-plane orientation than the 45° orientation and the 
other two anti-solvents have given rise to a higher amount of scattering for the 45° angle 
than out-of-plane (here, ANI treatment has resulted in more prominent 45° growth, 
while CB shows more comparable scattering intensities for both the two orientations; 
also see Appendix A, Figure A.3). As explained in Section 4.5.2.2.(b), for the Pb-only 
perovskites, the (100) plane orientation at 45° is likely to correspond to the vertical 
growth of (110) plane, hence, it is concluded that TOL treatment has a preferential effect 
of crystal growth with (100) plane perpendicular to the substrate surface, whereas the 
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other two anti-solvents prefer (110) plane aligned vertically. This effect is present though 
out the course of annealing (Appendix A, Figure A.3). 
Figure 4.15 | (a) GIWAXS profiles for Pb-Sn mixed perovskite samples before annealing (top) with the 
corresponding azimuthal reshapes (bottom) (b) The scattering patterns for (100) plane (at 0.97 < q < 
1.05 Å-1) (top) and the azimuthal integration across this narrow q range (bottom). 
 
 
4.5.2.4. Comparison of Crystallisation Dynamics in Pb-Only and Pb-Sn 
Mixed Perovskites 
Based on the results so for Pb-only and Pb-Sn mixed perovskite films discussed so far, 
firstly, it is evident that the crystallisation rate is higher in Pb-Sn perovskite films 
compared to the Pb-only films, in agreement with the reported uncontrollable/faster 
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crystallisation rates of Sn-based perovskites.82,218 Revisiting the abundance of 
intermediate precursor phases in Pb-only perovskite films as discussed in Section 4.5.2.1 
(and lack of, in the case of Pb-Sn mixed perovskite, as observed in Section 4.5.2.3), the 
effect of the precursor phases on the crystallisation rate can be explained as follows. The 
presence of intermediates formed by precursors is expected to induce the slow 
crystallisation of Pb-only perovskite, similar to the reported studies228 on improved 
crystallisation via adduct formation of precursors with solvents (such as PbI2-DMSO, via 
Lewis acid-base interactions; where Pb2+ acts as a Lewis acid and polar aprotic solvents 
such as DMF and DMSO act as Lewis bases). It has been reported that the adducts aid 
slow crystallisation and could be used to fine-tune the film morphology. Also, in triple 
cation Pb perovskite systems (similar to that studied herein), it has been reported that 
the cations Cs+ and Pb2+ interact with DMSO in forming a triple coordinated intermediate 
phase that decreases the rate of PbI2 crystallisation, which was attributed to aid better 
quality and higher environmental stability of the films.229 
The presence of intermediates in Pb-only perovskite may also have provided more 
available sites for seed crystal growth, leading to the smaller grain sizes (compared to Pb-
Sn mixed analogue) as seen in the SEM micrographs (Section 4.4.1). This speculation is 
supported by previous reports on MA+ acting as a “crystalliser” for photoactive black 
phase of FAPbI3, and the addition of Cs+ in a MA+ and FA+ mixed cation perovskite 
induces further grain growth (via the prevention of photo inactive δ-FAPbI3 yellow 
phase).230 The lack of such additional phases in the Pb-Sn mixed system could give rise to 
fewer sites of seed crystal growth, inducing lager grain formation. 
While the above reports support the observations for the Pb-only perovskite here, the 
50% substitution of Sn2+ at the B-site has altered the crystallisation process by supressing 
the formation of the intermediates, despite the availability of 50% Pb2+ still in the system. 
Here, the adducts are not observed in the Sn-incorporated system. However, 
theoretically, the higher Lewis acidity of Sn2+ over Pb2+, makes Sn2+ a more suitable 
candidate for adduct formation with the available solvent molecules.144 There has also 
been reports of adduct formations of SnI2 and DMSO, both in  single cation (MA based) 
Pb-Sn mixed perovskite systems (PbI2/SnI2(DMSO)x complexes)27 as well as in Sn-only 
perovskite precursor systems,27,144 with corresponding additional peaks appearing in XRD 
peak profiles at low intensities. In the said MAPbI3/MASnI3 system, the Sn-DMSO adduct 
was observed to dominate over Pb-DMSO adduct and to result a more controlled crystal 
growth via the exchange of PbI2 or SnI2 from DMSO to MAI.27 Nevertheless, the 
crystallisation of a multi cation system cannot be directly compared to these single cation 
systems due to the occurrence of additional phases. Furthermore, according to most 
CHAPTER 4   Effect of Anti-Solvents on the Structure of the 
Perovskites 
101 
 
recent reports,231 the addition of Cs+ (and Rb+) in multi-cation perovskites was reported 
to induce the formation of ABX3 perovskite structure than the formation of “polytype” 
intermediates. Given the fast/uncontrollable crystallisation of Sn-based perovskites82 and 
the said reports on Cs+ addition,231 a more reasonable explanation on the lack of 
intermediates in the Pb-Sn system is that Cs+ and Sn2+ in the system aids more ready 
formation of perovskite phase, mostly bypassing the formation of intermediates. 
However, it should be noted once more, that the vacuum in the sample chamber may 
have affected the solvent evaporation of the films. Thus, the presence of Sn2+ based 
intermediates cannot be ruled out altogether, which will further be discussed in Section 
4.6.3.1.  
Secondly, considering the seed crystal growth, the observations for Pb-only and Pb-Sn 
mixed perovskites (along with the occurrence of a precursor phase) are summarised in 
Table 4.1 below.  
Table 4.1 | Summary of observations on the seed crystal growth and precursor phases on the 
perovskite films studied through GIWAXS. 
Type of 
Perovskite 
 
Parameters 
Anti-Solvent 
ANI CB TOL 
 
 
 
Pb-Only  
100 plane angle with respect 
to the substrate 
45° 57.5° 57.5° 
Perpendicular plane with 
respective to substrate 
(110) (111) (111) 
Precursor phase observed in 
GIWAXS  
Yes (but less 
than other 
two 
antisolvent 
treatments) 
Yes Yes 
 
 
 
Pb-Sn Mixed  
100 plane angle with respect 
to the substrate 
45° (more 
preferred), 
and 5° 
45° (more 
preferred), 
and 5°  
5° (more 
preferred), 
and 45° 
Perpendicular plane with 
respective to substrate 
(110) (more 
preferred), 
and (100) 
(110) (more 
preferred), 
and (100) 
(100) 
(more 
preferred), 
and (110) 
Precursor phase observed in 
GIWAXS 
 
No No No 
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The Pb-only perovskites have a single preferred orientation (either (110) or (111)), while 
the Pb-Sn mixed system show two highly crystalline orientations (mixture of (110) and 
(100)). The anti-solvent affects the preferred plane perpendicular to the substrate surface, 
for seed crystal growth. As seen in Table 4.1 and discussed in Section 4.5.2.2, the 
occurrence of precursor phases/intermediates may affect the orientation of the seed 
crystals on each sample. Interestingly, large abundance of intermediates as in CB and 
TOL treated Pb-only perovskite has induced (111) plane perpendicular to the substrate. 
In contrast, ANI treated films which have the lowest amount of intermediates in Pb-only 
perovskite has induced the (110) plane perpendicular to the substrate (similar to the Pb-
Sn mixed perovskites where no intermediate phases are observed for all anti-solvents). 
In all Pb-Sn films, both (110) and (100) planes are observed normal to the substrate, 
which again is most likely due to the lack of intermediates. Based on this premise, the 
preferential growth of (100) plane perpendicular to the substrate in Pb-Sn mixed 
perovskite upon TOL quenching may attribute to an even lower amount of intermediate 
species present in the film at the beginning of annealing, possibly due to an ability of 
TOL to remove these species (especially the intermediates formed with Sn2+ or possibly 
Sn4+ in the solution) from the film during anti-solvent treatment. Considering TOL 
treated Pb-only films have the highest quantity of intermediates, it is suggested that the 
intermediates removed by TOL corresponds to Sn-based species. This phenomenon will 
be further discussed in Section 4.6.2.3 considering FTIR spectra of the films, and in 
Chapter 5, Section 5.2 regarding the ability of TOL in removing Sn4+ in Sn-based 
perovskites. 
4.6 Molecular Interactions of Precursors and Thin Films 
In the previous section, it was observed that the crystallisation processes of the Pb-only 
and Pb-Sn mixed perovskite films proceeds differently to each other, and are also affected 
by the anti-solvents used. In this section, the molecular interactions among the precursor 
salts and solvents in the precursor solutions, as well as in the crystallised films (before 
and after annealing) will be discussed. The objective of this analysis was to understand 
the origins of the said differences in crystal growth, and to investigate the effects of anti-
solvents on the perovskite structure at a molecular level. Here, each precursor salt, salt 
mixtures, the complete precursor solution and the perovskite thin films were studied 
using FTIR spectroscopy, in the mid-IR region (400 cm-1 to 4000 cm-1). All samples were 
characterised through a ZnSe ATR crystal (internal reflection configuration) of a Varian 
660 FTIR Spectrometer employed with a HeNe laser IR source. The data was processed 
CHAPTER 4   Effect of Anti-Solvents on the Structure of the 
Perovskites 
103 
 
through Agilent Resolution Pro software. Incidentally, there have been only a limited 
amount of FTIR studies on metal halide perovskites. Hence, the majority of the results 
were analysed based on IR fundamentals215 and a few reported studies on FAPbI3232 and 
MAPbX3233–236 perovskites.   
4.6.1. FTIR Spectroscopy of Precursors and Solvents 
4.6.1.1. Sample Preparation 
All solutions and perovskite films were prepared in a N2 glove box, and the solvents were 
filtered (0.2 μm filter) prior to use. First, each precursor salt (FAI, MAI, MABr, PbI2, 
PbBr2 and SnI2) was mixed with either DMF, DMSO, or the solvent mix of DMF:DMSO 
4:1 (as used in the original precursor solution), to form saturated solutions. For salt 
mixtures, the molecular ratio of the salts in the original precursor solution was mimicked. 
Best efforts were taken to minimise the air exposure of the samples (especially for the 
Sn2+ containing samples) prior to the measurement. 
4.6.1.2. Molecular Interactions of A-Site Cations with Solvent System 
Before analysing the FTIR spectra, it is important to understand the molecular structures 
and the chemical bonds within the materials tested. Within the mid-IR range, the most 
identifiable interactions should be produced by the organic molecules used, mainly the 
solvents DMF, DMSO and the organic cations FA+ and MA+. In Figure 4.16, the molecular 
structures of these molecules are depicted using ball-stick models. The spheres indicate 
atoms and the connecting sticks indicate single bonds. Here, it should be noted that in 
both FA and MA, a N atom bares more bonds than allowed by its electron density, 
resulting in an electron deficient N atom, giving rise to a positively charged molecular 
ion (cation). In FA+, this positive charge is then shared by the N-C-N chain (delocalised) 
through resonance structures, to achieve the highest stability allowed by the molecule. 
Figure 4.16 | Ball and stick representations of solvent molecules and organic cations used in this work. At 
equilibrium, the FA+ cation (bottom row) delocalises its positive charge over the N-C-N chain to achieve 
highest stability possible. 
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Figure 4.17 depicts the FTIR spectra obtained for the MABr and FAI salts dissolved in 
separate solvents and the solvent mixture, along with neat DMF and DMSO. The most 
prominent peak in the spectrum of DMF is seen at 1662 cm-1 for the C=O stretching of 
the tertiary amide. The peaks at 1062 cm-1 and 1089 cm-1 correspond to the C-N stretching 
modes of the methyl C atoms (amine side of the molecule), and peak at 1502 cm-1 
corresponds to C-N stretching of the amide carbon. The latter C-N bond has a delocalised 
electron cloud resulting from the C=O π-bond and the lone pair on N atom, and hence is 
stronger than a normal single bond. The rest of the peaks mostly arise from C-H bond 
vibrations, at 1384 cm-1, 2927 cm-1 (aldehyde C-H bending and stretching modes 
respectively), 1403 cm-1, 1438 cm-1 (asymmetric C-H bending of methyl groups) and 2927 
cm-1 (C-H stretching of methyl groups). The FTIR spectrum of DMSO shows the most 
prominent peak at 1043 cm-1 for S=O stretching characteristic of sulfoxides.236 At lower 
wavenumbers, sulfoxide C-S stretching modes give rise to peaks at 663 cm-1 and 696 cm-
1. Similar to DMF, the methyl group C-H asymmetric bending vibrations appear at 1408 
cm-1 and 1437 cm-1. An additional peak for C-H symmetric stretch can be seen at 1309 
cm-1.237 
The spectra of dissolved salts in the solvent systems largely consist of the solvent peaks, 
with additional modes for the salts appearing with much lower intensities relative to the 
solvent peaks due to the higher amount of solvent molecules in the system. Here, 
considering the FTIR spectrum of MABr dissolved in DMF, it is difficult to observe the 
appearance of any additional peaks. This could be due to the masking of any characteristic 
peaks by the vibrations of the solvent molecules. However, when mixed with DMSO, 
MABr molecules seem to affect the S=O stretching character of the solvent, as observed 
by an additional shoulder peak/peak split (at ~1020 cm-1) observed for the main S=O peak 
at 1043 cm-1 (also see Section 4.6.3.1). With the lack of any such character for the DMF-
MABr solution, it is suggested that MABr interacts with DMSO via the S=O bond 
preferentially than any group in DMF. 
Similarly, when FAI is dissolved in DMF and DMSO respectively, the original peaks in 
DMF seem unaffected, whilst peak splitting of S=O of DMSO is observed yet again. 
Compared to DMF, DMSO is a more polar molecule,236 with a very strongly polarised S-
O bond, hence it is possible that the organic salts MABr and FAI form strong interactions 
with DMSO due to their ionic nature. However, when the salts are dissolved in the 
solvent mixture of DMF:DMSO 4:1, the DMF peaks show prominent appearance in the 
spectra (higher intensity DMF peaks and lower intensity DMSO peaks) merely due to its 
higher availability in the mixture, such that it is difficult to apprehend the interaction of 
the salts with DMSO.  
CHAPTER 4   Effect of Anti-Solvents on the Structure of the 
Perovskites 
105 
 
Figure 4.17 | FTIR Spectra for the salts containing organic A-site cations (FAI, MABr) dissolved in DMF, 
DMSO and mixed solvent system of DMF:DMSO = 4:1, compared with the FTIR spectra of the neat 
solvents. Characteristic peaks are shown within the spectra of DMF and DMSO, and the appearance of new 
peaks in FAI containing solutions are indicated by * and # symbols. 
 
Unlike MABr, FAI dissolved in solvents show appearance of a few new peaks denoted by 
* and # symbols, at 1725 cm-1 and 1338 cm-1 respectively. The former(*) corresponds to 
asymmetric stretch of C-N bonds of FA+.232 When compared to the C-N stretching 
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vibrations of DMF, C-N bonds of FA+ have a delocalised (+) charge over the N-C-N chain, 
and have higher bond strengths which gives rise to the shift of FTIR characteristics to 
higher wavenumbers.215 The peak denoted by # may correspond to the N-H bending 
modes of the amine groups in FA+. Interestingly these are not observed in MA+ spectrum. 
It is possible that in MA+, there is an increased bond strength of the N-H bonds due to 
the (+) charge localised at the N centre, thus shifting the IR absorption to a higher 
wavenumber, which could be masked by the solvent modes. 
Unlike the organic salts, the inorganic A-site cation Cs+ does not show any characteristic 
peaks when mixed with the solvents (in CsI salt form), as seen in Figure 4.18. Simple 
inorganic salts such as NaCl, KBr or ZnSe do not give rise to any IR active modes in the 
mid IR-region such as those investigated here.215 However, heavy atom containing 
compounds (halogen atom containing compounds, inorganics, organometallics, etc.) 
show IR activity in the far IR region (100 – 400 cm-1). Yet, sample testing in this region 
was unable to be carried out in this study due to the limitations of the measurement setup. 
The B-site cations precursors used in this work PbI2, PbBr2 and SnI2 should also give rise 
to FTIR peaks in the said region. However, as permitted by the measurement setup, these 
Pb2+ and Sn2+ salts were also investigated in the mid-IR region (400 – 4000 cm-1) dissolved 
in the solvents, to examine the interactions with solvent molecules as discussed in the 
next section. 
Figure 4.18 | FTIR Spectra for the salt containing inorganic A-site cation (CsI) dissolved in DMF, DMSO. 
The Spectra show no additional peaks appearing due to the dissolution of CsI. 
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4.6.1.3. Molecular Interactions of B-Site Cations with Solvent System  
As mentioned in the previous section, next, the FTIR spectra of Pb2+ and Sn2+ salts 
dissolved in the solvents were examined in the mid-IR region (400 – 4000 cm-1). Figure 
4.19 depicts the resulting spectra, in comparison with that of neat DMF and DMSO.  
Figure 4.19 | FTIR Spectra for the salts containing B-site cations (PbI2, PbBr2, SnI2) dissolved in DMF, 
DMSO and mixed solvent system of DMF:DMSO = 4:1, compared with the FTIR spectra of the neat 
solvents.  
CHAPTER 4   Effect of Anti-Solvents on the Structure of the 
Perovskites 
108 
 
First, with regards to the Pb2+ salts, PbI2 and PbBr2 have given rise to extremely similar 
FTIR spectra to each other irrespective of the solvent system, denoting that the salts 
interact with the solvent molecules analogues to each other. Unlike in the case of the 
organic salts (MABr and FAI), both Pb2+ and Sn2+ salts are observed to interact with the 
C=O bond of DMF (1660 cm-1) as well as the S=O of DMSO (1043 cm-1), as evident by the 
splitting of the respective peaks (in other words, the appearance of an additional peak at 
a lower wavenumber to the main peak; at ~1635 cm-1 for C=O and ~1000 cm-1 for S=O).  
The said observation is supported by the commonly reported formation of adducts in 
perovskite precursor solutions such as PbI2-DMF235 or PbI2-DMSO,228,236 and  SnI2-
DMSO,198 as well as the known ability of Sn2+ and Sn4+ iodides to form adducts with (and 
ligands comparable to) DMF and DMSO; based on similar complexes found in literature 
(as also discussed in Section 4.5.2.4).238,239  
Adduct formation is a result of these metal halides acting as Lewis acids that can accept 
lone pairs from ligands (containing O, N or S atoms) which act as Lewis bases.240 In this 
case, the lone pairs on O atoms of DMSO or DMF can be donated to the metal centre of 
PbI2 or SnI2. A shift in FTIR peaks corresponding to the bonding ligand to lower 
wavenumbers has been previously reported for DMSO forming adducts with PbI2.236 The 
decrease in the wavenumber was attributed as a result of reduced bond strength between 
S and O atoms in S=O, upon interacting with PbI2, which decreased the S=O stretching 
vibration.236 This argument similarly applies in the work reported herein. In addition to 
these, the salts dissolved in DMSO give rise to a strong peak (indicated by ● symbol) at 
945 cm-1 in PbI2 and PbBr2, and 927 cm-1 in SnI2. This region most commonly indicates 
peaks corresponding to C-H vibrations of alkenes. However, in recent work,27 an 
occurrence of a peak at 960 cm-1 was attributed to the C-S stretching vibration in 
SnI2(DMSO)x and PbI2(DMSO)x intermediates, and thus can similarly be applied to the 
work reported herein. 
In separate solvents, the C=O split and S=O split can undoubtedly be observed for all salts. 
However, in the mixed solvent system (DMF:DMSO = 4:1), for Pb2+ salts, the C=O split is 
not clearly evident whereas the S=O split can still be distinguished. This can be attributed 
as a preferential binding of Pb2+ salts to DMSO over DMF, similar to that observed in 
previous reports.27,236 The C=O bond shows no sign of splitting for SnI2 in the mixed 
solvent system, and compared to the Pb2+ species, the splitting of S=O characteristic is 
also not seen as strongly. However, there is still some appearance of the C-S stretching 
vibration character (as seen in DMSO only Sn2+ and Pb2+ solutions; ● symbol) which 
suggests some availability of SnI2-DMSO adduct in the mixed solvent system. Considering 
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the GIWAXS profiles discussed in Section 4.5, this suggests that the SnI2 adduct can still 
form in mixed solution, and the absence of precursor phases in the perovskite films is 
more likely due to removal or prevention of these phases during the crystallisation 
process. 
Next, the FTIR spectra of precursor mixtures for Pb-only perovskite were further studied, 
by sequentially adding each salt that combines to make the precursor solution, in 
DMF:DMSO 4:1 solvent system. As depicted in Figure 4.20, the complete precursor 
solution is compared with neat FAI and FAI + PbI2 dissolved in the same solvent system. 
Interestingly, the FTIR spectra within the studied range appear to be very similar. Thus, 
it can be concluded that both A-site and B-site salts interact with the solvents in the same 
manner, and as seen by the lack of C=O peak-split at 1660 cm-1 and the salts engage in 
adduct formation only with DMSO. 
Figure 4.20 | FTIR Spectra for the different salt mixtures dissolved in DMF:DMSO = 4:1 solvent system, 
which sequentially build the Pb-Only perovskite precursor solution. 
 
4.6.2. FTIR Spectroscopy of Thin Films  
4.6.2.1. Sample Preparation 
The thin films were fabricated on Si substrates following the same process given in 
Section 4.3.2. Two different sets of samples were prepared with and without annealing to 
investigate the effect of annealing on the molecular interactions. Best efforts were taken 
to minimise the air exposure of the films prior to the measurement.  
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4.6.2.2. Interactions of Thin Films Before and After Annealing 
First, as shown in Figure 4.21, the FTIR spectrum of Pb-only perovskite precursor 
solution is compared to a resulting Pb-only perovskite thin film (in this case, using CB as 
the anti-solvent). As discussed previously (Section 4.6.1.) the precursor solution is mostly 
dominated by the solvent peaks. Upon crystallisation, during the spin-coating process, 
most of the solvent has been removed from the film, as evident by the significant 
reduction of corresponding solvent peaks in the FTIR of the perovskite film. Appearances 
of lower intensity peaks in the same regions as the solvents are difficult to be 
differentiated as arising from solvent or the film. Based on previous reports of FAPbI3232 
and MAPbX3233–236 the spectrum of the thin film was analysed as shown within the shaded 
regions.  
Figure 4.21 | FTIR spectra of the Pb-only perovskite precursor solution and the resulting perovskite thin 
film (prior to annealing; wet film – fabricated using CB as anti-solvent) compared to the neat solvents. 
The characteristic peaks for the thin film are shown within the shaded areas. 
 
In the spectrum of the thin film, the sharpest peak seen at 1712 cm-1 is directly attributed 
to the asymmetric stretching vibration of C-N bonds in FA+.232 This bond carries a 
delocalised (+) charge and thus is denoted as C-N+ in Figure 4.21. The next most obvious 
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new feature in the film is seen within the region of ~2900 cm-1 to ~3400 cm-1, which can 
be attributed to C-H and N-H stretching of the organic cations within the perovskite 
system. However, a broad band with lower intensity appears within 3500-3600 cm-1 that 
typically signify the O-H stretching modes of H2O. Following this observation, it is safe 
to assume that the wet film may contain some adsorbed moisture from the atmosphere 
while the film was transferred from the glove box to the FTIR setup under ambient 
conditions. O-H vibrations from moisture appear within the 2900 – 3400 cm-1 range as 
well, giving rise to additional bands in combination with C-H and N-H stretching modes. 
Another set of features with considerable intensity is seen from 900 – 1100 cm-1 for the 
wet films. Previous work on MAPbI3 perovskites234 has attributed peaks in this range to 
the MA+ rocking modes or C-N stretching modes. Other peaks of significant intensity 
observed for the thin film are within 1300-1500 cm-1 for CH3, NH3 bending vibrations. 
These results suggest that, even prior to the annealing process, the crystallisation has 
begun and most of the solvent phase is removed via the spinning process.  
Following this, the Pb-only and Pb-Sn mixed perovskite films casted using different anti-
solvents were examined through FTIR, before and after annealing. The obtained spectra 
are given in Figure 4.22. The C-N+ peak appears prominently in all perovskite films at 
1712 cm-1 without any shifts and with very high intensity, which is expected considering 
that 78.85% of the A-site in both perovskites consists of FA+.  
When comparing the wet films (thin films before annealing) of Pb-only and Pb-Sn mixed 
perovskites, for each anti-solvent, an additional peak appears ~1505 cm-1 in Pb-only films 
(indicated by the § symbol in Figure 4.22) that is not present in Pb-Sn films. In MAPbX3 
perovskites, a peak around this value is attributed to the N-H bending mode or C-H 
stretching mode of MA+, or O-H stretching due to hydration of the perovskite (moisture 
adsorption). After annealing however, this peak disappears, exhibiting largely identical 
peak profiles for both types of perovskites. Hence this peak could be attributed to either 
an intermediate phase of PbI2-organic cation-solvent235 that is only present in the Pb-
only perovskite, or adsorption of atmospheric moisture on the wet film surface which is 
removed through annealing. This observation of also supports the lack of intermediate 
phases observed for Pb-Sn mixed perovskite in GIWAXS profiles (Section 4.5.2.3. and 
4.5.2.4.). It has been reported that, the annealing process effectively remove the adducts 
formed in perovskites,27 thus it is safe to assign this peak as arising from an intermediate, 
than due to moisture adsorption. 
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Figure 4.22 | FTIR spectra of the Pb-only and Pb-Sn mixed perovskite thin films crystallised using different 
anti-solvents, before and after annealing.  
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The peaks at 947 cm-1 and 1017 cm-1 for C-N stretching or MA+ rocking modes (also see 
Figure 4.21) interestingly, show a slight shift to lower wavenumbers (lower bond-
strength) in the Pb-Sn mixed samples compared to Pb-only films, regardless of the anti-
solvent. This result indicates the difference in the chemical environment of the Pb-only 
and Pb-Sn mixed perovskite films and tallies well with the fundamentally different 
crystallisation processes in the two perovskite types seen in Section 4.5. 
The annealed films (dry films) show significantly different FTIR spectra from the wet 
films. Most of the peaks with considerable intensity are hardly observed in the dry films, 
except the C-N+ asymmetric stretching vibration of FA+ and the N-H (of primary, 
secondary amines), C-H (of methyl groups) stretching features at 3000-3500 cm-1.  
Interestingly, the N-H and C-H features are now seen to be much sharper and more 
prominent compared to the wet films. This result may arise from two different causes. 
Firstly, the completely crystallised (annealed) perovskite possibly constricts the available 
modes of vibration, especially restricting the amount of excitation to rotational energy 
levels upon IR absorption. In a relatively free system such as the wet film where the 
molecules are less constricted in a strict unit cell, the vibrational energy transitions can 
incorporate the rotational transitions as well, giving rise to more spectral lines in the 
FTIR spectrum which eventually leads to broad band features. When in the crystal 
lattice, due to the spatial restriction, the organic cations FA+ and MA+ may produce 
vibrational transitions prominently, giving rise to the sharper features. Secondly, the O-
H stretching vibrations from absorbed moisture seen in the wet films are no longer 
observed in the dry films, leaving the sharper C-H, N-H peaks to be easily identified.  
Other features on the annealed film with considerable intensity are observed at 1352 cm-
1 for CH3 bending modes and 1471 cm-1 for CH3 or NH3 bending modes of MA+ cation, 
and at 1616 cm-1 for various N-H bending modes of the organic cations.  
 
4.6.2.3. Effect of Anti-Solvents on the FTIR Spectra of Thin Films 
Depending on the anti-solvent used, it is difficult to identify any major differences in the 
FTIR spectra. It is possible that majority of the anti-solvent is removed at the spinning 
stage, and the residual anti-solvents in the wet films are too minute to be detected.  
Considering the subtle features of the spectra, much difference is not observed in wet 
films, depending on the anti-solvent used for each type of perovskite (Pb and Pb-Sn). In 
the dry films, however, the appearance of the peaks at 2333 cm-1, 2360 cm-1 that are 
identified as surface adsorbed CO2, depend on the anti-solvent used. Here, as depicted in 
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Figure 4.23, with ANI, CO2 peaks are seen in both Pb-only and Pb-Sn mixed films, while 
this is not observed for the films treated with TOL. With CB, the peaks are present in the 
Pb-Sn mixed perovskite, but the occurrence is not clear in the Pb-only film due to the 
noise levels. Hence, it can be speculated that, TOL, being a highly non-polar solvent, may 
have removed majority of the non-polar unreacted material (precursors, by-products 
etc.) which can adsorb CO2 on the film surface. 
 
Figure 4.23 | FTIR Spectra for Pb-only and Pb-Sn mixed thin films crystallised using different anti-solvents, 
after annealing (top) with the region 1800-2800 cm-1 magnified (bottom) to indicate the surface 
adsorption of CO2 seen within 2300-2400 cm-1. 
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4.7 Summary 
In this chapter, first, the selection of a Pb-Sn mixed perovskite formula giving rise to a 
sufficiently low bandgap was explained. A triple cation perovskite with A-site consisting 
of Cs+, FA+ and MA+ was selected due to the reported high stability and reproducibility 
in similar Pb-only perovskites. Upon observing the absorption edge in UV-Vis absorption 
spectra, a Pb2+:Sn2+ ratio of 0.5:0.5 was chosen to comprise the B-site due to the narrowest 
bandgap given. The X-site for the Pb-Sn mixed perovskite was selected to be only I- due 
to the non-consistent, cloudy precursor solutions resulted by SnBr2 used for Br- 
containing perovskite precursor solutions. Thus, for the remainder of this study, a Pb-Sn 
mixed perovskite with the formula Cs0.05(FA0.83MA0.17)0.95Pb0.5Sn0.5I3 was selected. To 
compare, a triple cation Pb-only perovskite with the reported formula of 
Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 was used in this chapter.  
Following the selection of the Pb-Sn mixed perovskite system, the impact of the anti-
solvent on the structural and morphological characteristics of the resulting films was 
studied. The tested anti-solvents were ANI, CB and TOL. 
To investigate the above, first, the SEM micrographs of the films were studied followed 
by a grain size analysis, which concluded that TOL aids in slightly bigger grains and a 
more uniform grain distribution on the film surface for Pb-Sn mixed perovskites. Next, 
the crystallisation dynamics of the films were studied through GIWAXS to investigate 
the effect of the anti-solvent of the crystallisation dynamics and seed crystal growth in 
Pb-only and Pb-Sn mixed perovskites. For both perovskites, a pseudo-cubic unit cell 
geometry was observed. Considering seed crystal growth, in Pb-only perovskite, CB and 
TOL was observed to induce crystal growth normal to the substrate in the direction of 
the (111) plane, whilst ANI treatment induced crystal growth in the direction of the (110) 
plane. For Pb-Sn mixed perovskites however, all 3 anti-solvents gave rise to growth in 
the direction of both (100) and (110) planes normal to the substrate. Here, TOL treatment 
produced more of (100) orientation while ANI and CB resulted in more of (110) oriented 
planes to the substrate normal. This was attributed to the presence of precursor 
intermediates which drive the seed crystal growth in different directions, and it was 
found that more of the precursors induced more of (111) planes (only seen in Pb-only 
films) while least amount of precursors (or absence of precursors) favour the growth of 
(100) planes (only seen in Pb-Sn perovskite) perpendicular to the substrate.  
Lastly, FTIR spectroscopy was used to investigate the inter-molecular interactions in the 
precursor solutions and films before and after annealing. This analysis effectively studied 
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the formation of intermediate phases, especially the formation of adducts, in the solutions 
and films. It was evident that in the solution phase DMSO solvent more actively 
participates in adduct formation than DMF with both PbI2 and SnI2, similar to previous 
reports. However, in the films the adducts were more pronounced in Pb-only perovskite, 
than in the Pb-Sn mixed films. Both GIWAXS and FTIR analysis thus concludes that 
while Pb-only perovskite crystallises through the formation of intermediates, the Pb-Sn 
mixed perovskite crystallisation bypasses the intermediate route and crystallises more 
readily. Furthermore, depending on the anti-solvent used, the CO2 adsorption on the 
annealed films changed, where no CO2 was detected on the TOL treated films. This was 
attributed to the ability of TOL in removing non-polar contaminants on the perovskite 
layers. 
The effect of the above findings of the perovskite absorbers, on the device performances 
will be assessed in the next chapter. 
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Chapter 5 
Impact of Anti-Solvents on Device Performance 
 
Following the initial analysis of the structural properties of the perovskites discussed in 
Chapter 4, this chapter focuses on the optimisation of photovoltaic device performance 
of Pb-Sn mixed perovskites based on tuning of the anti-solvent. The role of the anti-
solvent on the removal of the unwanted Sn4+ dopants in Pb-Sn mixed PSCs is examined, 
followed by a discussion on further engineering of the fabrication process to achieve 
complete removal of Sn4+ from the devices, enabling enhanced device performances. 
 
 
 
 
* Sections of the work discussed in this chapter have been published in the manuscript titled “Tin(IV) 
dopant removal through anti-solvent engineering enabling tin based perovskite solar cells with high 
charge carrier mobilities” (R.M.I. Bandara et al. J. Mater. Chem. C, 2019,7, 8389-8397) 
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5.1 Photovoltaic Device Performance 
5.1.1. Device Fabrication 
In the previous chapter, the anti-solvent effect on the crystallisation dynamics of the 
perovskites was discussed. In this chapter, the device performances of PSCs employing 
the perovskite absorbers (quenched with the anti-solvents CB, ANI and TOL) will be 
discussed. To fabricate the devices, the p-i-n diode architecture was used for the Pb-Sn 
mixed PSCs, whereas n-i-p architecture was used for Pb-only devices. The p-i-n device 
architecture was selected for the latter due to the reported instability of Pb-Sn mixed 
perovskites upon interaction with dopants utilised for the hole transport layers in the n-
i-p architecture (as previously  discussed in Chapter 2).45 All devices and solutions were 
fabricated in a N2 glove box, unless mentioned otherwise. 
 
5.1.1.1.  Pb-Sn Mixed PSC Fabrication 
For Pb-Sn mixed PSCs, the inverted device architecture was used. Prior to fabricating the 
devices, the perovskite precursor solution and interlayer solutions were prepared. Pb-Sn 
mixed perovskite precursor solution was prepared as described in Section 4.3.1.2., and the 
interlayers were prepared as detailed below. The hole transporting layer (HTL), 
PEDOT:PSS (poly(3,4-ethylenedioxythiphene) polystyrene sulfonate; Hereaus Celvios P 
VP AI 4083) was purchased from Hereaus, and was filtered through a filter of 0.45 µm 
pore size and diluted 1:2 (v/v) in methanol at room temperature under ambient 
conditions. As the first electron transporting layer (ETL), [6,6]-Phenyl-C61-butyric acid 
methyl ester (PC60BM, purchased from Solenne B.V., 99% purity) was dissolved in 
cholobenzene (2 wt%) and stirred overnight at room temperature. As the second ETL, Al 
doped ZnO nanoparticle ink (2.5 wt%, Sigma Aldrich UK) was diluted 1:1 (v/v) in 2-
propanol (anhydrous, 99.5%, Sigma Aldrich UK) and sonicated in an ultrasonic bath for 
15 min at 32-38 kHz at room temperature. 
Devices (Figure 5.1) were fabricated on 15 mm x 15 mm x 0.7 mm ITO coated glass 
substrates (Luminescence Technology Corporation, 15 Ω/□), which were first run 
through a cleaning cycle as described in Section 4.3.2. As the HTL, the diluted 
PEDOT:PSS solution prepared as described above, was spin coated at room temperature 
on the ITO coated glass substrates, at 5000 rpm, 40 s under ambient conditions. The 
substrates were then transferred to a N2 glove box and annealed at 150 ⁰C for 10 min on 
a hot plate. Each substrate was then spin coated with 30 µl of perovskite precursor 
following a two-step process where the substrate was rotated at 1000 rpm for 8 s followed 
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by rotation at 6000 rpm for 37 s. 75 µl of the anti-solvent was dropped 5 s prior to the 
end of spinning cycle, and the coated substrates were annealed at 70 ⁰C for 20 min inside 
the glove box. The substrates were then cooled down to room temperature and each was 
spin coated with 30 µl of the PC60BM solution as the first electron transport layer, at 1500 
rpm, for 35 s. As the next electron transport layer, Al doped ZnO nanoparticle solution 
was then spin coated at 6000 rpm, 30 s. Finally, the devices were loaded on a shadow 
mask and a 7 nm thick bathocuporine (BCP) layer and a 120 nm thick Silver cathode 
were thermally evaporated under a base pressure of less than 3 x 10-6 mbar at a rate of 0.3 
Å/s resulting in a single pixel per substrate, with an electrode overlap of 0.68 cm2 (Figure 
5.1(b)). 
Figure 5.1 | Schematic representations of (a) the Pb-Sn mixed PSC device structure (not drawn to scale) 
of p-i-n architecture and (b) top view of the fabricated device with a fairly large active area of 0.68 cm2.  
 
5.1.1.2. Pb-Only PSC Fabrication 
For Pb-only PSC devices, standard device architecture was used, following the general 
procedures reported in literature. The intension here, was only to test how the device 
performance is affected by different anti-solvents, and not to compare them with the Pb-
Sn perovskite PSC performances. 
Pb-only perovskite precursor solution was prepared as described in Section 4.3.1.3. For 
the ETL, a TiO2 sol-gel solution was prepared as follows. 1.14 ml of titanium isopropoxide 
(TIP, Sigma Aldrich UK) precursor was mixed with 5.6 ml isopropanol in a glass vial 
(solution A) inside the glove box. In a separate vial, 5.6 ml of isopropanol, 135 µl of 
deionized water and 25 µl of hydrochloric acid (38%) were mixed together (solution B) 
under ambient conditions. Next, solution B was added dropwise to solution A under 
ambient conditions, while stirring continuously to allow slow hydrolysis of TIP 
precursor. The resulting clear solution was stirred for at least a further 30 min to ensure 
sol-gel formation prior to use. The HTL solution for the Pb-only PSCs were based on the 
widely used, 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene 
(Spiro-OMeTAD,  purchased from Borun New Material) doped with tributyl phosphate 
CHAPTER 5   Impact of Anti-Solvents on Device Performance 
120 
 
(TBP, Sigma Aldrich), tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III) 
tri[bis(trifluoromethane)sulfonimide] (FK209, Sigma Aldrich), and Lithium 
bis(trifluoromethanesulfonyl)imide (Li-TFSI, Sigma Aldrich). 72.3 mg of Spiro-OMeTAD 
was dissolved in 1 ml of chlorobenzene. To this, as the first dopant, 28.8 µl of TBP was 
added. As separate solutions, 300 mg/ml FK209 and 520 mg/ml of Li-TFSI were prepared 
in acetonitrile. As second and third dopants, 29 µl of the FK209 solution and 17.5 µl of 
the Li-TFSI solutions were added to the Spiro-OMeTAD solution and stirred for at least 
2 h prior to use. 
To fabricate the devices (Figure 5.2), 20 mm x 20 mm x 2.2 mm FTO coated glass 
substrates (OPVtech, 10 Ω/□) were used. The use of FTO as opposed to ITO enables 
higher annealing temperatures to be used which is required for the processing of the ETL. 
Substrates were first subjected to the same cleaning cycle as used for the ITO substrates 
as described in Section 5.1.1.1. Then, to fabricate the TiO2 compact layer as the ETL, 30 
µl of TiO2 sol-gel was spin coated at 2000 rpm for 30 s on each substrate. The substrates 
were then placed on an enclosed hot plate at room temperature followed by a 
temperature ramp of 600 °C/h for 45 min. Upon reaching 450 °C, the samples were 
annealed at that temperature for a further 45 min prior to cooling down under natural 
cooling to 150 °C before being transferred to a N2 glove box. Following this, each substrate 
(now at room temperature) was coated with 40 µl of the perovskite absorber layer 
following the two-step spin coating process where the substrate was rotated at 1000 rpm 
for 8 s followed by rotation at 6000 rpm for 37 s. Anti-solvent dispensing was carried out 
using 120 µl of the anti-solvent, which was dispensed 5 s prior to the end of 2nd spin cycle. 
The coated substrates were immediately placed on a hotplate and annealed at 100 ⁰C for 
1 h. Next, as the HTL, 40 µl of Spiro-OMeTAD was spin coated at 4000 rpm for 30 s. 
Finally, the devices were loaded on a shadow mask and a 10 nm thick interlayer of MoO3 
(Sigma Aldrich UK) and a 100 nm thick silver anode were thermally evaporated under a 
base pressure of less than 3 x 10-6 mbar at a rate > 0.5 Å/s to form pixels with an electrode 
overlap of 0.25 cm2 (Figure 5.2(b)). 
 
Figure 5.2 | Schematic representations of (a) the Pb-only PSC device structure (not drawn to scale) of n-
i-p architecture, and (b) top view of the fabricated device with three pixels with active areas of 0.25 cm2. 
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5.1.2. Current-Voltage Characteristics of PSC Devices 
The current-voltage (I-V) characteristics of the devices were evaluated in N2 atmosphere, 
under AM 1.5G 1 sun solar spectrum generated by an ABET 10500 solar simulator (class 
AAB) consisting of a 150 W Xe arc lamp, calibrated to 100 mW cm-2 with a reference Si 
cell (Newport, PVM 165). PV devices were connected directly to a Keithley 2400 source 
measure unit (SMU) as the external load. Scan rate employed was 0.5 V s-1, and the reverse 
scans were chosen to compare the data. 
5.1.2.1. Pb-Only PSC Performance 
The Pb-only PSCs were measured by illuminating the device using an aperture mask with 
a window of area 0.09 cm2. The current density-voltage (J-V) characteristics of Pb-only 
champion devices are depicted in Figure 5.3(a). Champion PCEs of 19.08% for CB, 18.19% 
for ANI and 18.04% for TOL were achieved showing no clear dependence on the anti-
solvent used for the Pb-only PSCs. The average performances of the device parameters 
(n=6) Voc, Jsc, FF and PCE are shown in Figure 5.3(b-d), with values given in table 5.1. In 
all cases, the average performance was seen to be slightly higher in CB treated devices. 
Figure 5.3 | (a) The J-V curves for the champion Pb-only PSC devices using different anti-solvents. Box 
plots of (b) open circuit voltage (Voc), (c) short circuit current density (Jsc), (d) fill factor (FF) and (e) 
power conversion efficiency (PCE) of the devices treated with different anti-solvents. All device 
parameters appear close to each other within error, not showing much variation for different anti-
solvents.  
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Table 5.1 | Device performances of Pb-only perovskite solar cells with different anti-solvent 
treatments 
Anti-solvent Champion 
PCE (%) 
PCE (%) Jsc (mA cm
-2
) Voc(V) Fill factor (FF) 
CB 19.08 18.14 ± 0.84 22.79 ± 1.15 1.08 ± 0.02 0.74 ± 0.01 
ANI 18.19 16.77 ± 0.78 21.95 ± 0.62 1.06 ± 0.02 0.72 ± 0.02 
TOL 18.04 16.76 ± 0.74 21.97 ± 0.85 1.06 ± 0.03 0.72 ± 0.02 
 
 
5.1.2.2. Pb-Sn Mixed Device Performance 
Next, the Pb-Sn mixed devices were measured by illuminating the devices using an 
aperture with an area of 0.433 cm2. Figure 5.4(a) depicts the J-V curves for the champion 
Pb-Sn mixed PSCs, where it is clearly evident that LTM films formed using toluene as 
the anti-solvent yield higher values for Voc, Jsc and FF leading to higher PCE compared to 
the other two anti-solvents (see Table 5.2). The champion PCE of 11.62% is achieved for 
toluene, which is a significant improvement compared to the champion PCEs of 6.98% 
and 6.38% achieved for CB and anisole respectively. 
In determining the Jsc values given here, the integrated currents from the External 
Quantum Efficiency (EQE) spectra (Section 5.1.3.1) were used to give a more accurate 
value than those measured using halogen lamp based solar simulators.29 The distribution 
for the calculated Jsc values are given in Figure 5.4(b) along with the other common device 
parameters, Voc (Figure 5.4(c)), FF (Figure 5.4(d)) and %PCE (Figure 5.4(e)).  A summary 
of the device results is given in Table 5.2. The results clearly indicate that TOL treatment 
significantly improves all device parameters (while the lowest performance is seen in 
ANI treated Pb-Sn mixed PSCs), unlike in the case of Pb-only analogy where the anti-
solvents did not show a huge impact on the device performance. Significant improvement 
for the Jsc should be especially noted here, where the highest value observed is 28.05 mA 
cm-2 as opposed to the highest values of 22.10 mA cm-2 and 21.48 mA cm-2 for ANI and 
CB treated PSCs respectively. The average Jsc for TOL devices; 27.59 ± 0.32 mA cm-2, is a 
32.96% improvement over ANI devices (20.75 ± 0.93 mA cm-2) and 30.63% improvement 
over CB devices (21.12 ± 0.56 mA cm-2). Similar trends were observed in Voc and FF, with 
the average Voc of TOL devices (0.62 ± 0.02 V) being 21.57% higher than that observed 
for ANI (0.51 ± 0.02 V) and 12.73% higher than that observed for CB (0.55 ± 0.01 V). The 
average FF of TOL (0.61 ± 0.03) was 10.91% and 8.93% improved over the devices 
fabricated using ANI (0.55 ± 0.03) and CB (0.56 ± 0.02) respectively. The resulting average 
PCEs depicted in Figure 5.4(e) follow the trend, TOL (10.54 ± 0.63%) > CB (6.55 ± 0.36%) 
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> anisole (5.82 ± 0.46%). The % improvement in average PCE of TOL treated devices is 
81.10% and 60.92% compared to ANI and CB devices respectively. It should be also noted 
here that the hysteresis of these devices at the employed scan rate of 0.5 V s-1, are lower 
with TOL anti-solvent than the other two. However, at scan rates of 0.05 and 5 V s-1, 
the hysteresis indexes of all devices show comparable values. 
Figure 5.4 | (a) The current density – voltage (J-V) behaviour of the champion Pb-Sn mixed PSC devices 
for different anti-solvent treatments where toluene treatment clearly shows highest values in Voc, Jsc, FF 
(hence highest PCE) compared to the other two anti-solvents which give comparable device 
performances. Box plots for (b) Jsc, (c) Voc (d) FF, and (e) %PCE of the LTM PSCs (n=6), where the overall 
performance of toluene treated devices show nearly 70% average %PCE increment of the other two anti-
solvent treated devices, and narrowest data spread. 
 
Table 5.2 | Device performances of Pb-only perovskite solar cells with different anti-solvent 
treatments 
Anti-solvent Champion 
PCE (%) 
PCE (%) Jsc (mA cm
-2
) Voc(V) Fill factor (FF) 
CB 6.98 6.55 ± 0.36 21.12 ± 0.56 0.55 ± 0.01 0.56 ± 0.02 
ANI 6.38 5.82 ± 0.46 20.75 ± 0.93 0.51 ± 0.02 0.55 ± 0.03 
TOL 11.62 10.54 ± 0.63 27.59 ± 0.32 0.62 ± 0.02 0.61 ± 0.03 
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5.1.3. Effect of Anti-Solvent in Pb-Sn Mixed PSCs 
As evident from the J-V characteristics, the type of anti-solvent plays a significant role 
in the device performance of the Pb-Sn mixed perovskite. To understand the origin of 
this, further characterization was performed on the Pb-Sn mixed perovskite devices, as 
discussed in the following sections. 
5.1.3.1. External Quantum Efficiency 
The EQE characteristics were measured using a Bentham PVE300 system under ambient 
conditions. Devices were measured at short circuit condition and EQE was measured 
using a dual quartz/halogen light source with illumination wavelengths in the range of 
300 -1100 nm. Figure 5.5 depicts the as-obtained EQE spectra for the champion devices, 
with a very high (>85%) EQE for toluene treated Pb-Sn PSC devices. As mentioned 
earlier, the integrated current density from the EQE spectra were used to determine the 
Jsc more accurately in the Pb-Sn PSCs. For the champion devices depicted here, the 
resulting integrated currents are 27.33 mA cm-2 (TOL), 21.48 mA cm-2 (ANI) and 21.71 
mA cm-2 (CB). 
 
Figure 5.5 | External quantum efficiencies (EQE) for the champion Pb-Sn PSCs showing highest absorption 
for toluene treated devices, with integrated current densities of 27.33 mA cm-2 (TOL), 21.48 mA cm-2 
(ANI) and 21.71 mA cm-2 (CB). 
 
The EQE, as given in Equation 5.1,205 is defined as the number of charges extracted from 
the PV device (as current), given as a percentage of the number of photons incident on 
the device. It is an indication of the charge generated from each wavelength of 
illumination on the devices. 
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𝐸𝑄𝐸 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐ℎ𝑎𝑟𝑔𝑒𝑠 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝑑𝑒𝑣𝑖𝑐𝑒
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 × 100 
(5.1) 
 
As evident in Figure 5.5, TOL treatment has aided the device EQE (≈ 85%) to increase by 
approximately 20% compared to ANI and CB (EQE ≈ 65%) treatments in almost the 
entire range of the wavelengths of absorbed photons, aiding in the marked improvements 
of the total current density extracted from the device. 
5.1.3.2. Dark Diode Characteristics 
To further evaluate the impact of the anti-solvent treatment on the device performances 
and in particular, the improvements observed under TOL treatment, the dark J-V curves 
of Pb-Sn mixed PSCs were analysed. In order to study the dark diode characteristics, 
devices were tested using the same measurement setup, without illumination and covered 
with a black plastic block, to simulate dark conditions. The resulting diode curves for the 
champion devices are depicted in Figure 5.6(a). Careful inspection of the dark J-V curves 
at negative voltages indicates that the dark leakage current of devices fabricated using CB 
and ANI are higher compared to the devices fabricated with toluene (0.64 mA cm-2, 1.32 
mA cm-2 and ~80 µA cm-2 at -0.1 V for CB, ANI and TOL respectively). High dark 
currents in PV devices can arise as a result of an increased dopant concentration which 
can contribute to metal like conductivity, and in the case of Sn-incorporated solar cells, 
Sn2+ oxidisation to Sn4+ can contribute to these leakage currents, acting as an excess 
amount of p-dopants. 47,48,50,192 
Figure 5.6 | (a) The dark J-V characteristics of the above devices showing the least dark leakage current 
for toluene treated device. (b) Plot of log(J) Vs. log (V) for dark diode curves in (a), identifying the 
different charge transport regions. The charge transport regions for each device are indicated by colour 
bars given at the bottom of the graph. 
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Further in-depth analysis regarding the diode charge transport mechanisms of the dark 
diode curves given in Figure 5.6(a) was carried out by inspecting the graphs in a log-log 
scale, depicted in Figure 5.6(b). Here, the dark current characteristics indicates the 
existence of regions with different slopes (S), where current density (J) changes 
accordingly with the voltage (V) following the power law 𝐽 ∝ 𝑉𝑆.241 Thus, by evaluating 
S, the different charge transport regions of the diode depending of the electric field can 
be identified.  
Generally, in diodes at low electric fields (low voltages), the J vs V relationship obeys 
Ohm’s law:8  
𝐽Ω = 𝑛𝑒𝜇
𝑉
𝑑
 
(5.2) 
Where, n is the charge carrier density, e is electric charge, µ is charge carrier mobility 
and d is the semiconductor thickness. At low (< 1 V µm-1) electric fields, in which the 
low current behaviour of diodes is observed, the J-V characteristics are said to be 
governed by the interfaces of the diode.8 When the electric field is increased into the 
high electric field regime (> 1 V µm-1), the transport properties of charge carriers are 
dominated by the properties of the semiconductor. In an ideal trap free case, the J-V 
relationship follows the space charge limited current (SCLC) mechanism according to 
Child’s law8: 
𝐽𝑆𝐶𝐿𝐶𝑡𝑟𝑎𝑝 𝑓𝑟𝑒𝑒 =  
9
8
𝜀𝜀0𝜇
𝑉2
𝑑3
 
(5.3) 
Where 𝜀 and 𝜀0 are the relative permittivity of the semiconductor and the permittivity 
of free space, respectively. 
For the case where the semiconductor is incorporated with shallow traps, Child’s law is 
modified to8: 
𝐽𝑆𝐶𝐿𝐶 𝑠ℎ𝑎𝑙𝑙𝑜𝑤 𝑡𝑟𝑎𝑝𝑠 =  
9
8
𝜀𝜀0𝜃𝜇
𝑉2
𝑑3
 
(5.4) 
Where, 
𝜃 =  
𝑛𝑚
𝑛𝑚 + 𝑛𝑡
 (5.5) 
Where nm and nt are mobile and trapped charge carrier densities respectively. Here, both 
these charge types contribute to JSCLC and the slope of the J-V curve is dependent on these 
charge carrier densities. Furthermore, shallow traps which are located between the Fermi 
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energy and the band edge, are known to decrease the photocurrent density of a solar 
cell.242 When shallow traps are present, the Ohmic regime is prolonged due to charge 
trapping (resulting in very low nm and giving rise to quasi-Ohmic behaviour), and the 
gradient increases gradually when 𝜃 → 1 with increasing electric field in the SCLC regime 
(in which, 𝐽 ∝ 𝑉2).8  With increasing electric field, the diode in operation reaches the 
trap filled limit (TFL) at V=VTFL, when the majority of trap sites are filled, hence the 
current can flow freely, thereby noticeably increasing the total current.243 The current 
density in the TFL is given by Equation 5.6, where B and l  are constants with the constant 
l  relating to the steepness of the distribution of trap states.243 
𝐽𝑇𝐹𝐿 =  𝐵
𝑉𝑙+1
𝑑2𝑙+1
 
(5.6) 
 
In ANI and CB treated devices, the Ohmic regime is extended, as seen by the long initial 
region of constant slope (S) showing the quasi-Ohmic J-V behaviour 𝑆 = 1,192 which then 
gradually increases non-linearly through a region of 𝑆 = 2, before reaching higher slopes 
expected for the TFL. Given that 𝑆 = 2 corresponds 𝐽𝑆𝐶𝐿𝐶 𝑠ℎ𝑎𝑙𝑙𝑜𝑤 𝑡𝑟𝑎𝑝𝑠 , it can be concluded 
that CB and ANI treatments have resulted in shallow traps in the Pb-Sn mixed PSC.  
Considering the voltage at which ANI and CB devices transfer from the Ohmic region to 
SCLC region (CB = 0.21 V, ANI = 0.27 V), the more prolonged quasi-Ohmic region of 
ANI devices suggest higher trap density in these devices than that of CB ones. In the case 
of TOL treated devices, the Ohmic region is shorter than that of the other two anti-
solvent treatments, and the slope quickly transfers to a region of 𝑆 > 3 around 0.30 V 
followed by a prolonged region over which 𝑆 ≈ 10 (beyond 0.46 V bias). This marks the 
TFL region where 𝑙 > 2 of Equation 5.6, and the trap dependent SCLC region (𝑆 ≈ 2) is 
hardly noticeable in this system. This rapid transition from Ohmic to TFL regime for TOL 
indicates that there are a reduced number of shallow traps in this system.244VTFL increases 
in the order of TOL (0.30 V) < CB (0.35 V) < ANI (0.41 V). This is indicative that the 
shallow trap density increases in the same sequence.241 In the TFL region, the slopes of 
CB and ANI dark curves reach 𝑆 ≈ 4, in contrast to 𝑆 ≈ 10 for TOL. It should be noted 
that the trap free region (governed by Child’s law) is not reached for any of the devices 
within the measured electric field range. 
Considering the overall device performances both under dark and illuminated 
conditions, it can be concluded that there is an effect of the anti-solvent in deciding the 
overall trap density in the Pb-Sn mixed PSCs. The traps states in semiconducting 
materials can give rise to band tails in the conduction and valence bands.245 Hence to 
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further elaborate the effect of the anti-solvents on the occurrence of traps in the PSCs, 
the band tails were studied as explained in the following section. 
 
5.1.3.3. Band Tail Energy Distributions 
Band tails occur as a result of localised energy states in semiconducting materials.245 A 
measure of the band-tail defect states is quantified by the Urbach energy (EU), where a 
high (low) crystalline order and low (high) disorder is suggested by lower (higher) EU 
value. Given that the EU depends on the width of the band tail, lower EU values suggest a 
narrower band tail energy state distribution.246 
For Pb-Sn mixed PSCs, EU for different solvent treatments were estimated using the band 
edge of the EQE spectra (Section 5.1.3.1), with relationship given by,18 
𝐸𝑄𝐸 = 𝐼𝑄𝐸 exp (
ℎ𝜈 − 𝐸0
𝐸𝑈
) 
(5.7) 
Where IQE is internal quantum efficiency, hν is the photon energy and E0 is a constant. 
This can be rearranged to, 
ln (𝐸𝑄𝐸) = (
1
𝐸𝑈
) ℎ𝜈 +  [ln(𝐼𝑄𝐸) −  
𝐸0
𝐸𝑈
] 
(5.8) 
Where the linear region of the plot of ln(EQE) against hν (in the band edge) yields a slope 
of 1/EU (Figure 5.7(a)) 
Figure 5.7 | (a) The Urbach energy (EU) plots for perovskite thin layers giving the band tail energies 
estimated by the linear region within the dotted lines, where toluene treated perovskites give the lowest 
EU. (b) Schematic representation of the distribution of the band tail states for anisole (blue) and toluene 
(red) as suggested by the Urbach energy and TFL analysis. 
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The lowest calculated values were observed for TOL (EU = 21.21 ± 0.03 meV) treated 
samples which is attributed to the lowest band-tail defect density and higher crystalline 
order throughout the thickness of the sample. ANI and CB treated Pb-Sn perovskites gave 
comparable EU values of 24.58 ± 0.04 meV and 25.13 ± 0.04 meV respectively, resulting 
from a higher density of band tail defect states, in agreement with the previous 
observations from the PSC device performance. A schematic representation of this is 
given in Figure 5.7(b), where 𝑙1 and 𝑙2 indicates the steepness of the band tails where 
𝑙2 > 𝑙1. Here, 𝑙1 can be considered as in the case of TOL treatment and 𝑙2 as in the case 
of the other two anti-solvents.  
5.1.3.4. Optical Bandgap 
Following the results from the previous studies, the effect of the anti-solvent on the 
optical bandgap of the absorber layer was investigated. The optical bandgap energy (EBG) 
was calculated using the optical absorption edge as measured through UV-Visible-NIR 
spectroscopy as discussed below. 
Samples were prepared on cleaned and O2 plasma treated glass substrates, by spin coating 
30 µl of the perovskite solution using the same spinning and anti-solvent dropping 
parameters as used in solar cell device fabrication (Section 5.1.1.1). As-cast layers were 
annealed at 70 °C for 20 min. The UV-Vis absorption spectra of the as prepared thin films 
were measured using a Varian Cary 5000 UV-Vis-NIR spectrometer fitted with a 
transmission accessory and are depicted in Figure 5.8(a). The absorption band edge is 
shown by dotted lines around 950 nm indicating that the Pb-Sn mixed perovskite is able 
to absorb longer wavelengths of the solar irradiance spectrum, extending towards the 
near infra-red region due to their lower bandgaps (which are typically reported to be ≈1.2 
– 1.3 eV for Pb-Sn mixed perovskites247) than Pb only perovskites.82 
Figure 5.8 | (a) UV-Vis absorption spectra for Pb-Sn mixed perovskite thin films treated with different 
anti-solvents. The absorption edges of the films are seen at 950 nm (dashed line). (b) The Tauc plots for 
the films derived from the UV-Vis spectra. The linear regions within the dotted lines were used to estimate 
the bandgap energies (EBG), resulting in a bandgap of ~1.26 eV for all 3 anti-solvents. 
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Next, the EBG for the samples were derived for the different anti-solvent treated samples 
using the absorption edges above (Figure 5.8(a)). A change in EBG with the anti-solvent 
will be reflected as a shift in the optical absorption edge of the corresponding perovskite 
film, which results from shifts in conduction and/or valance band positions. Calculation 
of the EBG for the Pb-Sn mixed films was carried out using the Tauc relationship245,248 
given by, 
(𝛼ℎ𝜐)
1
𝑦 = 𝛽(ℎ𝜐 − 𝐸𝐵𝐺) 
(5.9) 
Here α is the absorption coefficient of the material, β is the band tailing parameter, and 
y is the power factor of the transition mode which is governed by the nature of the 
electron transition depending on the band structure of the material and whether photon-
assisted transition is required (𝑦 =  0.5, 1.5, 2, 𝑎𝑛𝑑 3 for direct allowed, direct forbidden, 
indirect allowed, and indirect forbidden transitions respectively).249 Given that both Pb 
and Sn halide perovskites have been reported to be direct bandgap materials,245,250 it was 
assumed that Pb-Sn mixed perovskite in this work also has a direct bandgap. Hence, the 
direct allowed transition condition is used for Equation 5.9 where 𝑦 = 0.5, and α of the 
material can be given by,251 
𝐴 =  𝛼 × 𝑥 (5.10) 
where x is the optical path length. Therefore, after rearrangement of terms, Equation 5.10 
becomes,  
(𝐴ℎ𝜈)2 = 𝛽𝑥2 ℎ𝜈 − 𝛽𝑥2  𝐸𝐵𝐺  (5.11) 
where the intercept divided by the slope in the linear region of the plot of (Ahν)2 vs. hν 
(Figure 5.8(b)) directly gives the EBG of the material. These were calculated to be ≈1.26 
eV irrespective of the anti-solvent used which is in excellent agreement with the Pb-Sn 
mixed perovskites reported in literature.18 Therefore, it can be concluded that the average 
composition of the bulk phase is similar, independent of the anti-solvent used.  
5.2 Effect of Anti-Solvent in Sn4+ Removal 
Following the results discussed in previous sections, it can now be concluded that the 
main effect of the anti-solvent lies on the formation of trap states in Pb-Sn mixed PSCs. 
Given the improved performance of TOL treated devices without any major changes in 
the bulk crystal structure, it is suggested that the traps arising in the Pb-Sn mixed 
perovskite layer can be removed/lowered by the anti-solvent used. However, considering 
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the Pb-only analogue, the device performances (as discussed in Section 5.1.2.1) were not 
hugely affected by the anti-solvent used. Hence, the possible traps that can be affected 
by the anti-solvent must be specific to the Sn-incorporation in the perovskite; arising 
with Sn. This argument is investigated and discussed in the following sections. 
 
5.2.1. Traps in Sn-Based perovskites; Sn4+ 
In Sn-based perovskites, one persistent issue limiting the devices performing to their 
maximum potential is the instability of Sn2+ 28,30 which is susceptible to oxidise into its 
more stable ionic form of Sn4+. This is also the cause of the high sensitivity of Sn-based 
perovskites to air and moisture. When in the perovskite matrix, this oxidation process is 
known to produce Sn vacancies which breaks the charge neutrality, thereby deteriorating 
the perovskite lattice.47 Furthermore, the Sn4+ ions act as p-type dopants in the perovskite 
film resulting in a “self-doping process”.47,48,50 These dopants play a major role in non-
radiative recombination in Sn-based perovskites by acting as trap sites for mobile photo-
generated charge carriers.28,51 The higher number of parasitic charges brought upon by 
Sn4+ contamination (higher Sn vacancies) have also been reported to give rise to a metal-
like conductivity.192 
As discussed above, these traps are specific to Sn-incorporation in the perovskite. 
Interestingly, it has been reported that the extraction of Sn4+ from ionic mixtures for the 
determination of Sn4+ content in ores, alloys and food, is most effective when benzene, 
xylene or toluene (TOL; anti-solvent used in this work) is used as the diluent, when used 
along with organic ligands.252 Therefore, the effect of TOL in removing Sn4+ traps were 
investigated as a possible pathway in device improvements, as discussed below. 
 
5.2.2. Effect of Anti-Solvents in Removal of Sn4+; XPS Analysis 
To identify the impact of the anti-solvent used on the removal of Sn4+, X-ray 
photoelectron spectroscopy (XPS) was carried out. Samples were prepared on cleaned 
and O2 plasma treated (see Section 4.3.2.) Silicon substrates, and the Pb-Sn mixed 
perovskite layer was casted and annealed following the same procedure as in device 
fabrication (Section 5.1.1.1). Surface XPS analyses were performed on a ThermoFisher 
Scientific Instruments (East Grinstead, UK) K-Alpha+ spectrometer. XPS spectra were 
acquired using a monochromated Al Kα X-ray source (hν = 1486.6 eV). An X-ray spot of 
~400 μm radius was employed. Survey spectra were acquired employing a Pass Energy 
of 200 eV. High resolution, core level spectra for all elements were acquired with a Pass 
CHAPTER 5   Impact of Anti-Solvents on Device Performance 
132 
 
Energy of 50 eV. All spectra were charge referenced against the C1s peak at 285 eV to 
correct for charging effects during acquisition. Quantitative surface chemical analyses 
were calculated from the high resolution, core level spectra following the removal of a 
non-linear (Shirley) background. The manufacturers’ Avantage software was used which 
incorporates the appropriate sensitivity factors and corrects for the electron energy 
analyser transmission function. 
Figure 5.9 depicts the full XPS profiles (before background correction) for the thin films 
with different anti-solvent treatments, showing characteristic peaks for C(1s), N(1s), 
O(1s), Pb(4f), Sn(3d), Cs(3d) and I(3d) elements.  
Figure 5.9 | Full XPS profiles for Pb-Sn mixed perovskite thin films fabricated using different anti-solvents, 
before background removal. Characteristic peaks for C, N, O, Pb, Sn, Cs and I elements are shown within 
the graph.  
 
The characteristic peaks for each element were further analysed in terms of the binding 
energies and atomic percentage of each element, to investigate the effects of the anti-
solvents on the chemical composition of the surface of perovskite layers (full elemental 
analysis for each anti-solvent treatment is given in Appendix B). Based on this, the peaks 
for Sn were further investigated in terms of occurrence of Sn2+ and Sn4+ on the film 
surfaces. First, two characteristic peaks for the Sn2+ metal cations were observed at 
binding energies: 486.40 ± 0.05 eV for Sn(3d5/2) and 494.83 ± 0.06 eV for Sn(3d3/2) which 
are in good agreement with values reported in literature.238,253,254 Closer inspection of the 
aforementioned Sn peaks were observed to consist of shoulders at slightly higher binding 
energies (Figure 5.10(a)) which, upon fitting with two Gaussians, were distinguished as 
CHAPTER 5   Impact of Anti-Solvents on Device Performance 
133 
 
Sn4+ peaks with binding energies of 487.57 ± 0.03 eV for Sn(3d5/2) and 496.29 ± 0.04 eV 
for Sn(3d3/2).238 
Figure 5.10 | (a) The XPS profiles for Sn species on the Pb-Sn mixed perovskite surface for ANI (top), CB 
(middle) and TOL (bottom) quenching. The Sn4+ peaks (green) appear as shoulders at slightly higher 
binding energies with each of the main Sn2+(3d) peaks (orange). The background is shown in grey. (b) 
Atomic ratio of surface Sn4+/Sn2+ as derived from XPS Sn element analysis for different anti-solvent 
treatments. The lowest Sn4+/Sn2+ is observed for TOL treatment.  
 
The calculated Sn4+A(%)/Sn2+A(%) ratio (A% = atomic percentage) based on the XPS 
measurements for different anti-solvents are depicted in Figure 5.10(b). It is clear that 
the lowest Sn4+ content is obtained from the films formed using TOL as the anti-solvent 
as opposed to when the other anti-solvents are used, giving rise to a Sn4+A(%)/Sn2+A(%) 
of 0.36, 0.31 and 0.27 for ANI, CB and TOL respectively, decreasing the Sn4+ fraction. 
This observation clearly supports the tested hypothesis that TOL aids in removing the 
Sn4+ traps in the perovskite system. 
Additionally, by further investigating the metal cation composition (Pb2+, Sn2+ and Sn4+) 
on the Pb-Sn mixed perovskites (Table 5.3), it was observed that the surfaces were largely 
Sn-rich following the CB and TOL treatments. Considering the ratio of 
Pb2+A(%)/Sn2+A(%) values of 1.08, 0.79 and 0.77 were calculated for ANI, CB and TOL 
respectively. This undoubtedly shows that while CB and TOL form nearly identical, Sn-
rich surface compositions, ANI treatment has formed a Pb2+ rich surface, as depicted in 
Figure 5.11(a). The corresponding XPS peaks for Pb2+ are given in Figure 5.11(b), showing 
Pb2+(4f5/2) and Pb2+(4f7/2) peaks at ~143 eV and ~138 eV respectively. It should be noted 
that although the XPS spectra indicate a lower total surface Sn content for the films 
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formed using anisole in comparison to the other two anti-solvents, most of this existing 
Sn is in the Sn4+ form, as evident from Figure 5.10(b). 
 
Table 5.3 | Binding energy (B.E.) and atomic percentage (A%) comparison of the surface Pb and 
Sn metal cations as obtained by XPS 
  Chlorobenzene Anisole Toluene 
B.E. (eV) A (%) B.E. (eV) A (%) B.E. (eV) A (%) 
Pb2+ Pb(4f7/2) 138.18 3.93 138.28 4.59 138.18 3.82 
Pb(4f5/2) 143.08 143.18 142.98 
Sn2+ Sn(3d5/2) 486.37 4.98 486.45 4.22 486.37 4.97 
Sn(3d3/2) 494.80 494.89 494.79 
Sn4+ Sn(3d5/2) 487.55 1.54 487.61 1.54 487.55 1.34 
Sn(3d3/2) 496.25 496.33 496.30 
 
 
Figure 5.11| (a) Atomic ratio of surface Pb2+/Sn2+ as derived from XPS metal cation analysis for different 
anti-solvent treatments. The highest Pb2+/Sn2+ is observed for TOL treatment. (b) The corresponding XPS 
peaks for Pb species on the Pb-Sn mixed perovskite surface for different anti-solvent treatments, showing 
Pb2+(4f5/2) and Pb2+(4f7/2) peaks, where anisole treated films show highest Pb2+ amount while the other 
two have comparable atomic percentages. 
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5.2.3. Hypothesised Mechanisms for Sn4+ Removal by Toluene 
Based on the results discussed above, it is evident that the removal of Sn4+ dopants from 
the Pb-Sn mixed perovskite films during the fabrication process using TOL has the most 
significant impact on the performance of the PSCs. Considering all 3 anti-solvents used, 
it is worthwhile identifying the specific characteristics of TOL, which aids in the better 
extraction of Sn4+ traps, in order to further improve the device performances through 
anti-solvent engineering. In doing so, the following mechanisms are proposed as 
hypotheses for Sn4+ removal by TOL, based on relative polarity, molecular weight and 
complex forming ability of the solvents. 
Firstly, the Sn4+ ions produced during fabrication and originally present in the SnI2 
precursor are expected to exist in the system as SnI4 (Stannic Iodide). SnI4 is a tetrahedral 
molecule (Figure 5.12(a)) which, owing to its high symmetry, is non-polar in nature. 
Considering the relative polarities of the anti-solvents discussed (ANI = 0.198, CB = 0.188, 
TOL = 0.099)255 it can be seen that TOL is the least polar solvent. Given the non-polar 
nature of SnI4, it is most soluble in TOL.239 It is also the lightest of the three anti-solvents, 
with a molecular weight of 92.14 g mol-1 and has the lowest boiling point of 110.6 ⁰ C 
compared to 108.14 g mol-1 and 155.5 ⁰ C of ANI and 112.56 g ml-1 and 131.7 ⁰ C of CB.256 
Hence, during the annealing process of the perovskite layer when the prevailing solvent 
is evaporated, the removal of SnI4 dissolved in the solvent can generally be considered 
higher with TOL. 
Furthermore, recent reports in the literature have described 6-coordinated complex 
formation of SnI4 with organic ligands resulting in complexes such as [SnI4(C5H5NO)2] 
and [SnI4{(C6H5)2SO}2].257 It has been shown in these studies that bonding occurs through 
coordination of electrons on the O atom of the ligand directly to the Sn centre of SnI4 
(which was also seen for other O containing ligands such as OP(C6H5)3 coordinating to 
make [SnI4{(C6H5)3PO}2] with SnI4)239 . Incidentally, the solvents used for the Pb-Sn 
mixed perovskite precursor solution; DMF (C3H7NO) and DMSO (C2H6SO), which are 
known to act as common ligands for metal centres,238 are of similar nature to the ligands 
involved in the aforementioned complexes. Therefore, it can be hypothesised that similar 
co-ordination is viable in the Pb-Sn mixed perovskite with DMF and DMSO. Figure 
5.12(b) depicts one possible complex that can be formed via DMSO ligand. If such 
bonding occurs, the more polar –CO and –SO groups would participate in bonding with 
SnI4, exposing the more non-polar C-H groups away from the SnI4 centre. It is then 
possible for these complexes to be solubilised in the non-polar TOL (Figure 5.12(c)) and 
hence be removed from the perovskite crystal, via thermal annealing. 
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Figure 5.12 | (a) Tetrahedral structure of SnI4. (b) Possible 6-coordinate complex formation of SnI4 with 
DMSO, where DMSO molecules act as ligands for the Sn4+ metal centre. (c) Possible interaction of 
SnI4·(DMSO)2 complex with non-polar TOL molecules. (The figures are not drawn to scale.) (d) The 
complex formation of SnI4 with non-polar aromatic molecules (benzene shown here as the aromatic 
molecule for the ease of the reader) as proposed by J. F. Murphy and D. E. Baker,258 where two of the iodine 
atoms of SnI4 are placed on the benzene ring, with the benzene plane lying parallel to a line drawn joining 
the iodine atoms. 
 
In addition to the above, early reports in chemical research suggest  the dissolution  of 
SnI4 via complex formation in various organic solvents.258 Interestingly, it has been 
shown that with non-polar aromatic solvents such as benzene, toluene (TOL) or xylene, 
there is a tendency for SnI4 to form a 1:1 (mole ratio) complex, through the occurrence 
of an acid-base like interaction, where SnI4 acts as a Lewis acid and the aromatic ring acts 
as the Lewis base.258 When the basicity of the aromatic ring increases, such as through 
the addition of methyl groups to the ring (i.e., benzene to TOL to xylene) the strength of 
the complex was found to be strengthened, hence increasing the solubility of SnI4 in the 
order of benzene < TOL < xylene. Considering the anti-solvents used herein, the low 
polarity of TOL solubilises SnI4 more easily enabling the formation of a complex in 
comparison to CB and ANI. Previous work indicates that two of the SnI4 iodine atoms 
participate in bonding with the aromatic group to make the SnI4·A (A=aromatic solvent 
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molecule) complex where a line conjoining the iodine atoms lie in parallel to the plane 
of the ring (Figure 5.12(d)).258 Due to the tetrahedral structure of SnI4, the Sn atom in the 
complex should be positioned directly over the six-fold centre of the aromatic group. 
Moreover, considering the previous reports, the formation of a SnI4·TOL with TOL anti-
solvent can be suggested here, however it should be noted that the formation of this 
complex seems much less likely compared to the SnI4·DMSO complex hypothesised 
above. It is reasonable to speculate that complexing is initiated during the anti-solvent 
dripping stage, which is partially removed due to the high spin speed employed during 
the spin coating procedure. The remaining SnI4·TOL is easily removed during the 
annealing step, owing to the higher evaporation rate of toluene compared to the other 
two anti-solvents. 
The removal of Sn4+ could happen via any of the hypothesised mechanisms, or a 
combination of them. Further in-depth experimental and simulation studies are needed 
in verifying the exact mechanism in which Sn4+ is removed (see Chapter 7).  
5.3 Further Optimisation of the Fabrication Process 
Following the understanding of this novel aspect of the anti-solvent engineering process 
discussed above, the fabrication process was further modified to promote complete 
removal of Sn4+as discussed in the following sections. From the anti-solvents tested above, 
it is now evident that the removal of Sn4+ is best achieved through the use of TOL. Hence, 
further optimisation was carried out by altering physical parameters such as annealing 
temperature and fine tuning the TOL dripping procedure, which are discussed in the 
following sections. 
5.3.1. Optimisation of Annealing Temperature 
As discussed in the previous sections of this chapter, the annealing temperature used for 
the fabrication of the perovskite layer was 70°C. This was selected on the premise of being 
the lowest annealing temperature used for Pb-Sn mixed perovskites in reported 
literature29,259 to produce a homogeneous grain structure, that achieves full coverage of 
the substrate surface. However, following the understanding gained on the role played 
by TOL on Sn4+ from the Pb-Sn mixed perovskites as well as on reports on using higher 
annealing temperatures for FA and MA containing Pb-Sn mixed perovskites,19,259 a series 
of higher annealing temperatures were tested for the existing perovskite fabrication 
process, as the first step of optimising the absorber layer. 
CHAPTER 5   Impact of Anti-Solvents on Device Performance 
138 
 
5.3.1.1. Surface Morphology  
First, the surface morphology of the perovskite films under different annealing 
temperatures were investigated under SEM. The sample fabrication process and SEM 
imaging were similar to what was used previously in Chapter 4 (Sections 4.3.3 and 4.4.1). 
The anti-solvent used here was TOL for all perovskite films. Different samples were 
annealed at 70oC, 100oC, 120oC, 150oC and 170oC for 20 min each. Figure 5.13 depicts the 
SEM micrographs of the as prepared sample surfaces, with the corresponding histograms 
for the grain size analysis. As evident from these data, temperatures up to 120oC, give 
almost similar grain structures with full surface coverage (Figures 5.13 (a), (b) and (c)), 
although films annealed at 70oC and 100oC contain several pin holes. The average grain 
sizes for these three temperatures as calculated based on the grain size analysis are; 368.0 
± 15.9 nm (70oC), 384.6 ± 46.6 nm (100oC) and 393.1 ± 34.8 nm (120oC). The values 
obtained are quite similar to each other although the grain sizes appear to increase 
slightly with increasing temperature. Interestingly, with increasing temperature, some 
formation of brighter and smaller grains is observed around the grain boundaries, as 
evident in 100oC and 120oC samples. However, identifying this material was challenging 
within the sensitivity scope of conventional compositional techniques that were available 
during the course of this study, and the origin of the material also remains unknown. 
When increasing the temperature beyond 120oC, the surface morphology of the samples 
exhibits a clear change in structure (Figures 5.13 (d) and (e)). The sample annealed at 
150oC demonstrates an increase in grain size, and the unidentified material surrounding 
the grain boundaries are no longer visible. However, large grains of increased brightness 
are observed to be distributed on the sample surface, becoming more abundant when 
annealing temperature was increased to 170oC. At 170oC, the grain structure is 
completely disrupted by accumulation of large portions of bright material covering most 
of the surface area. The average grain sizes were obtained considering both the bright 
and dark segregations as “grains”, resulting in 427.7 ± 79.7 nm for 150oC and 463.0 ± 68.1 
nm for 170oC samples. However, the distribution of grain sizes is seen over a wide range 
of values signifying an uneven film surface. The bright material could well be a result of 
deterioration of the perovskite film due to degradation of some of the organic materials 
in the perovskite film, such as MA+ which has previously been reported as unstable under 
high temperatures.260  
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Figure 5.13 | SEM images (left) and corresponding histograms (right) for the grain size analysis for Pb-Sn 
mixed perovskite thin films with annealing temperatures (a) 70°C, (b) 100°C, (c) 120°C (d) 150°C and 
(e)170°C 
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5.3.1.2. PSC Device Performance  
Since the entire temperature series appear to provide full surface coverage with grains, 
the suitability of the annealing temperature for optimum performance cannot be solely 
decided on the SEM images. Therefore, to investigate the device performance, PSC 
devices were fabricated with the perovskite layers being annealed at temperatures 
ranging from 70oC to 150oC. The device fabrication procedure was the same as that 
described in Section 5.1.1.1, with similar device areas of 0.68 cm2, and TOL as the anti-
solvent. The I-V characteristics of the devices were measured under the solar simulator 
following the same procedure is given in Section 5.1.2, with a scan rate of 0.5 V s-1. An 
aperture mask with an open area of 0.193 cm2 was used in this experiment.  
Figure 5.14 depicts the device performances (reverse scans) for different thermal 
treatments with device parameters given in Table 5.4. Considering the champion devices’ 
J-V curves, 120°C is clearly proven to result in a performance improvement compared to 
the other annealing temperatures (Figure 5.14(a), Table 5.4). One major observation here, 
is the drop in device currents than the previous Pb-Sn mixed PSC devices discussed in 
this work. This is attributed to the batch to batch variation depending on the SnI2 
precursors used in this work. As discussed previously, there is an inherent Sn4+ content 
from the precursors. This can vary with the SnI2 batch used, giving rise to varied device 
performances. Thus, precursor purification techniques should be explored to improve the 
reproducibility of devices (See Chapter 7). During the J-V characterisation, the current 
density of the maximum power point of each champion device was tracked with time for 
200 s, to observe the stability of the produced devices (Figure 5.14(b)). 150°C shows 
steady decrease over time while the 100°C and 120°C devices show stable performance. 
Interestingly, 70°C device show an initial improvement of device current before reaching 
stability while the rest show an initial decrease. However, 120°C devices show the best 
device currents throughout the experiment with high stability over the test period. The 
average device performances for Jsc, Voc, FF and PCE are depicted in Figures 5.14 (c-f) 
that clearly highlights the improvements following 120°C thermal treatment. As evident 
in Figure 5.14(f), the PCE increases with increasing temperature to maximise at 120°C 
and decreases with further increments in temperature. Hence it was concluded that the 
optimal annealing temperature for this perovskite system is 120°C, and all further 
experiments in this report are carried out using this condition for thermal annealing.  
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Figure 5.14| (a) The current density – voltage (J-V) behaviour of the champion Pb-Sn mixed PSC devices 
for different thermal treatments, where 120°C clearly shows improved performance mainly in the 
current. (b) The current density tracking at maximum power point showing improved stability of 
champion device treated at 120°C. Box plots for (c) Jsc, (d) Voc (e) FF, and (f) %PCE of the PSCs (n=6) 
showing higher average performance at 120°C annealing temperature. 
 
Table 5.4 | Device performances of Pb-Sn mixed perovskite solar cells with different annealing 
temperatures 
Annealing 
Temperature 
Champion 
PCE (%) 
PCE (%) Jsc (mA cm
-2
) Voc(V) Fill factor (FF) 
70 4.49 3.85 ± 0.40 18.21 ± 1.05 0.42 ± 0.02 0.51 ± 0.08 
100 7.35 6.48 ± 1.11 16.65 ± 1.95 0.58 ± 0.02 0.67 ± 0.05 
120 10.58 9.77 ± 0.59 24.64 ± 1.30 0.62 ± 0.03 0.65 ± 0.04 
150 5.31 4.73 ± 0.51 16.69 ± 2.56 0.51 ± 0.02 0.56 ± 0.07 
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5.3.2. Modifications for Solvent Engineering Process 
5.3.2.1. Post-Toluene Wash 
Following the optimisation of the annealing temperature, the fabrication process was 
further modified to achieve complete removal of complete removal of Sn4+. It was learnt 
in Section 5.2, that TOL anti-solvent can aid in removal of Sn4+. However, as evident in 
Figure 5.10 (Section 5.2) complete removal of Sn4+ from the sample surfaces was not 
achieved in the previous experiments. Hence a post-TOL wash was incorporated in the 
modified fabrication process with the expectation of complete removal of any prevailing 
Sn4+ from the sample surfaces. As shown in Figure 5.15, first, the perovskite films were 
fabricated following the optimised process with 120°C annealing temperature as 
discussed in the previous section (reference perovskite film). The thin films were then 
spin coated with 100 μl of TOL at 5000 rpm, 30 s. The films were further annealed at 
120°C for 5 min to allow complete evaporation of the additional TOL.  
Figure 5.15 | The modified fabrication process for Pb-Sn mixed perovskite layer with TOL post -wash, in 
order to achieve complete removal of Sn4+. 
 
5.3.2.2. Composition of Treated Films; Complete Removal of Sn4+ 
The treated films were first investigated through XPS, to test the effect of the post-TOL 
wash on the removal of Sn4+. As previously discussed in Section 5.2.2, the elemental peaks 
for Sn are found 495.48 eV for Sn2+(3d3/2) and 487.08 eV for Sn2+(3d5/2) and are depicted 
in Figure 5.16.  
Figure 5.16 | The X-ray photoelectron spectra (XPS) for Sn species on the Pb-Sn mixed perovskite surface 
after the modified solvent engineering process, showing Sn2+ peaks. No shoulders are seen in the peaks 
signifying the complete removal of Sn4+. 
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If any Sn4+ metal cations are present, they should appear as shoulders to the Sn2+ peaks. 
However, the Sn4+ shoulders are not observed here, concluding that the complete 
removal of Sn4+ is achieved as expected from the modified solvent engineering process 
developed here. 
5.3.2.3. Surface Morphology of Treated Films 
The grain morphology of the films was studied under SEM and the resulting micrographs 
are depicted in Figure 5.17. When compared to the film without the post-TOL wash 
(Figure 5.17(a)), the washed surface shows clear grain boundaries (Figure 5.17(b)), free 
of the unidentified bright material seen on the films previously observed in Section 
5.3.1.1. It can be concluded that the TOL wash has removed the bright material away 
from the surface, resulting in a clearer grain structure. Moreover, the shape of the grains 
appear to have shifted from a spherical structures to more polygonal structures. The grain 
size analysis suggests that the grains have also increased in size following the TOL-wash, 
with an average of 429.2 nm ± 36.4 nm from 374.3 nm ± 44.7 nm of the untreated films. 
It can be suggested that the TOL-wash dissolves the smaller grains on the surface and aids 
in growth of bigger grains during the final annealing step – in a process somewhat similar 
to Ostwald ripening,261 where smaller grains of a crystal structure dissolve and merge into 
bigger grains so as to minimise the surface energy. Incidentally, bigger grains are 
generally considered to be better for PSC device performances which is an added benefit 
of the post-TOL wash here. 
Figure 5.17 | SEM micrographs of Pb-Sn mixed perovskite films (left) with corresponding histograms 
(right) for annealing temperature of 120°C (a) without and (b) with post-TOL wash. 
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5.3.2.4. PSC Device Performance  
PSC devices (inverted architecture, same as discussed previously in this chapter) were 
fabricated following the procedure given in Section 5.1.1.1, using the post-TOL washed 
perovskite absorber layers (device area 0.68 cm2), and tested under the solar simulator 
using a similar process as followed in Section 5.1.2.2 using an aperture with an open area 
of 0.433 cm2. The current density was corrected using EQE, similar to that discussed in 
Section 5.1.3.1.  
Figure 5.18 depicts the champion device performance (reverse scans) of the modified 
PSCs. It is noted here that only the champion device is shown in this chapter to indicate 
the improvements in the efficiency, and more details on these devices will be discussed 
in the next chapter (Chapter 6). As a reference, PSC devices without the post-TOL wash 
for the perovskite layer were also fabricated and measured under the same aperture area 
(of 0.433 cm2) at 0.5 V s-1 scan rate. As evident from Figure 5.18, the PCE of the champion 
devices are seen to increase from 10.41% of reference PSC to 12.04% for post-TOL 
washed PSC. The Jsc and Voc are 27.38 mA cm-2, 0.64 V for the reference and 23.52 mA 
cm-2, 0.73 V for post-TOL washed PSCs respectively.  
Figure 5.18 |  J-V characteristics of champion reference and post-toluene PSC devices tested under the AM 
1.5G solar spectrum. The treated devices give higher Voc and FF leading to an improved PCE of the devices. 
 
However, the most noted improvement is seen in the device FF. Here, the reference 
device shows a FF of 60% which is increased to 70% following the post-wash. However, 
in contrary to the other device parameters, the Jsc of the modified devices was observed 
to decrease. This can be attributed to the thickness variation of the Pb-Sn mixed 
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perovskite layer resulting from the post-TOL wash, additional annealing and Sn4+ 
removal. The thickness of the absorber layer is directly related to the quantity of light 
absorbed by the PSC, which in turn is related to the current output from the device. 
Hence, further improvements in Jsc are expected via optimisation of the absorber layer 
thickness. 
5.4 Summary 
In this chapter, a new insight on the importance of careful selection of the anti-solvents 
for Sn-based PSCs was discussed. Compared to their Pb-only counterparts, the qualities 
of the anti-solvents used were observed to be critical for the Pb-Sn mixed PSCs’ electrical 
performances due to their impact on managing the Sn4+ defects of the absorber layers. 
Based on this, an approach for the complete removal of parasitic Sn4+ in through solvent 
engineering was identified.  
For the triple cation Pb-Sn mixed perovskite with the formula 
Cs0.05(FA0.83MA0.17)0.95Pb0.5Sn0.5I3, the results indicated that toluene (TOL) acts as an 
efficient extraction medium for Sn4+, when used as an anti-solvent in the PSC fabrication 
process. TOL treated perovskite films not only showed a lower Sn4+ quantity on the 
surface of the thin films, but also showed significant improvements of the PSC device 
parameters (Voc, Jsc, FF and PCE) compared to the other two anti-solvents used; anisole 
(ANI) and chlorobenzene (CB) resulting in a champion PCE of 11.62%. The atomic 
percentage of Sn4+ decreased in the order of ANI > CB > TOL and the device performance 
increased in the order of ANI < CB < TOL which was further substantiated by the lower 
impact of parasitic charges for the PSCs under toluene treatment. However, the bandgap 
energies for all three films were similar (~1.26 eV). This indicates that the major cause 
for the better device performance of TOL treated PSCs discussed in originates from the 
ability of TOL to remove Sn4+ dopants from the film surface. This could also be the reason 
for the preferential growth of 100 plane normal to the substrate in the TOL treated Pb-
Sn mixed perovskites as discussed in Chapter 4. 
The devices were further improved by fine tuning the device fabrication process to aid 
in complete removal of Sn4+ from the system. Following an optimisation procedure for 
the annealing temperature, the best annealing temperature was selected to be 120°C.  
Subsequently, a post-TOL wash was employed to further purify the film surfaces of the 
prevailing Sn4+ and any unreacted materials. Complete removal of Sn4+ was evident from 
XPS profiles, and by enhancements in device performance (PCE 12.04% for modified 
champion device). The most pronounced improvements were seen in the device FF 
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which improved from 60% to 70%. The Sn4+ extraction process outlined herein points 
towards higher efficiencies in Sn-based PSCs by simple modifications to the anti-solvent 
engineering route enabling further improvements for single junction Pb-Sn and Sn-only 
PSCs, as well as all perovskite multi-junction PVs. 
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CHAPTER 6 
 
Chapter 6 
Achieving High Fill Factors in Sn-based PSCs 
 
In the previous chapter, the optimisation of the Pb-Sn PSCs through the selection of the 
appropriate anti-solvent as well as tuning of the annealing temperature was discussed. 
This chapter focusses on a post-treatment protocol that enables the Pb-Sn PSC fill factors 
exceeding 80% and approaching the Shockley-Queisser limit to be achieved. The 
structural, compositional and electrical characterisations are carried out on the 
perovskite absorber layers as well as the resulting devices to understand root causes of 
the improvements, and proposed mechanisms attributed to the observed change are 
discussed. In the latter sections of this chapter, a further in-depth electronical analysis is 
carried out using Platform for All-In-One solar cell characterisation Setup (PAIOSTM). 
 
 
* Sections of the work discussed in this chapter have been published in the manuscript titled 
“Approaching the Shockley-Queisser limit for fill factors in lead-tin mixed perovskite photovoltaics” 
(R.M.I. Bandara and K. D. G. I. Jayawardena et al. J. Mater. Chem. A, 2020 | DOI: 10.1039/C9TA10543C 
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6.1 Introduction 
In the previous chapter, a strategy for the complete removal of Sn4+ dopant was discussed, 
based on anti-solvent engineering and tuning of the thermal annealing temperature 
which resulted in PCEs approaching ~12%. Under the optimisation strategies discussed 
in Chapter 5, one of the most noted improvements were seen in the FF of the devices 
which were improved from ~60% to ~70% following the complete removal of Sn4+. The 
FF is an excellent indicator of the charge transport and recombination dynamics of a PV 
device. Therefore, enhancements in the FF enable improved device performance to be 
achieved. However, in Sn-based perovskites, this has been particularly difficult to 
achieve, with all reported FFs being less than 80%.21,25,27 This is mainly due to prevalent 
non-radiative recombination pathways including but not limited to:47,159,220 
a. grain boundary recombination 
b. recombination associated with defects due to Sn4+  
c. recombination at interfacial contacts 
d. recombination in the charge transport layers 
For Pb-only perovskites there is a growing understanding in developing routes towards 
bypassing the recombination pathways (e.g.: incorporation of excess I- in the perovskite 
precursor solution262) which have been proven to increase both the device stability and 
performance. However, a similar understanding is found to be lacking for Sn-based 
perovskites that would enable the management of non-radiative recombination in these 
devices. Hence in the following sections, a route towards reducing non-radiative 
recombination and enhancing charge transport to further increase the PCE in Pb-Sn 
mixed perovskite is discussed, which in turn leads to improvements to the FF which is 
observed to approach the theoretical Shockley-Queisser limit.  
6.2 Guanidinium Bromide Surface Treatment 
6.2.1. Guanidinium in Pb-only PSCs 
In Pb-only PSCs, one route towards reducing the non-radiative recombination is through 
surface passivation of the perovskite layers, which results in reduced trap density and 
extended charge carrier recombination lifetimes.155 In this regard, guanidinium (CH6N3+ 
; GA+) halides are gaining increasing attention to be used in combination with the Pb-
only perovskite layers, to be used as means of passivation of trap sites157,159,160 and in some 
cases, as an alloy161 or a dopant157 to increase the carrier lifetimes, stability and defect 
CHAPTER 6   Achieving High Fill Factors in Sn-based PSCs 
149 
 
tolerance of the devices. GA+ is a large organic cation with a ionic radius of 278 pm.263 
GA+ based salts have also proven to induce large grain sizes through Ostwald ripening, 
reducing the amount of grain boundary trap sites,158 as well as producing layered 2D 
perovskite structures to be used as top cells in tandem PSCs.264 However the effect of GA+ 
salts in enhancing the Pb-Sn mixed perovskites are not widely reported. 
 
6.2.2. Guanidinium Bromide Treatment for Pb-Sn Mixed PSCs 
In this work, guanidinium bromide (GABr) was employed as a post treatment on the Pb-
Sn mixed perovskite surface as means of surface passivation, and to test the effect of a 
GA+ salt on Pb-Sn mixed PSCs. Here the optimised Pb-Sn mixed PSC developed in the 
previous chapter was used as a reference device, and the reference perovskite layer was 
fabricated as discussed in Chapter 5, Section 5.3.2 along with the toluene post-treatment. 
Following the thermal annealing after the toluene post-wash, the perovskite layer was 
allowed to cool for 5 min, and the surface was further treated with a GABr solution to 
prepare the surface modified devices (Figure 6.1).  
Figure 6.1 | The modified fabrication process for Pb-Sn mixed perovskite layer with GABr post surface 
treatment. The process for the reference devices is shown within dashed lines. The structure of GABr is 
shown in black. 
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The GABr solution was prepared under N2 atmosphere by dissolving GABr (≥98%; Sigma 
Aldrich, UK) as received by the supplier without further purification in 2-propanol 
(anhydrous, 99.5%; Sigma Aldrich, UK) to form a solution with a final concentration of 
5 mg ml-1 and stirred overnight inside the N2 glove box. For the surface treatment step, 
50 µl of this solution was spin coated on the Pb-Sn mixed perovskite layer at 5000 rpm, 
30 s and further annealed at 120oC, 10 min. To remove any unreacted GA+ salts on the 
surface, a post 2-propanol wash was employed by further spin coating 50 µl of 2-propanol 
on the treated surface, at 5000 rpm, 30 s.  
6.3 Structural Characterisation 
6.3.1. Impact of GABr on Surface Morphology 
SEM imaging was carried out on the reference and surface treated films in order to 
investigate any differences in surface morphology and grain sizes of the triple cation Pb-
Sn mixed perovskite layers. Samples for SEM were prepared on cleaned and O2 plasma 
treated Si substrates or ITO coated glass substrates by spin coating the perovskite (with 
and without surface treatments) following the same procedure given in Section 6.2.2. 
Prior to SEM measurements, electrical contacts were made using conductive silver ink 
between the metal SEM stub and the ITO layer. The samples were investigated with a 
FEI Quanta 200F Environmental SEM setup under a vacuum of <10-5 mbar. Figure 6.2 (a) 
and (b) respectively depict the SEM micrographs for a reference film and a GABr treated 
film.  
 
Figure 6.2 | SEM micrographs of (a) reference and (b) GABr surface treated Pb-Sn mixed perovskite 
surfaces showing the grain structures. 
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Under visual observation, the grain structures and sizes appear to be slightly different in 
the two films, where the reference perovskite has a more uniform surface with all grains 
with seemingly similar sizes, while the treated film appears to have a mixture of large 
and smaller grains. Grain size analysis was carried out using the micrographs to further 
investigate this behaviour. 
 
6.3.2. Grain Size Analysis 
Figure 6.3 depicts the histograms obtained through the grain size analysis carried out on 
the SEM micrographs using ImageJ software. The grain size distribution prior to the 
GABr treatment is observed to be a normal distribution with an average of 435 ± 33 nm 
(Figure 6.3 (top)). However, following the surface treatment, the grain sizes show a bi-
modal distribution (Figure 6.3 (bottom)) with averages of 495 ± 25 nm and 594 ± 14 nm. 
When comparing the distributions, it can be seen that the grain sizes have increased 
significantly after GABr addition, and this along with the bi-modal distribution is taken 
to be indicative of Ostwald ripening process,158 where the smaller grains are merged to 
form larger grains. 
Figure 6.3 | Histograms for the grain size distributions for reference (top) and GABr treated (bottom) 
samples indicating a change in the average grain size from 435 nm normal distribution to a bi-modal 
distribution with average grain sizes of 495 nm and 594 nm following GABr treatment. 
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Ostwald ripening (competitive growth) is a process in which small crystals or particles 
dissolve and redeposit, usually after the initial crystal growth following nucleation.261 
This process is driven thermodynamically since larger crystals are more energetically 
favourable, as they reduce the overall surface area of the crystal phase.261 It has also been 
reported in Pb-only perovskites that a GABr treatment can aid in forming large grains 
through Ostwald ripening.158 As discussed in previous chapters, large grain sizes can aid 
in improving the performance of the PSCs by reducing the amount of grain boundary 
trap sites, thus it can be concluded that the GABr treatment here has a favourable effect 
on the surface morphology of Pb-Sn mixed perovskite. 
6.4  Compositional Analysis 
Following the surface morphological study on the effect of the GABr post-treatment on 
the Pb-Sn absorber, the impact of the GABr post treatment process on the composition 
of the absorber layer was studied through XPS, ToF-SIMS and EDXS on the thin film 
surface and film cross sections.  
6.4.1. Surface Composition of Treated Films; XPS Analysis 
XPS analysis was carried out on both the reference as well as the GABr treated film 
surfaces to investigate any changes in the composition of the perovskite following the 
post-treatment, and to confirm the presence of Br- in the thin films. The samples were 
casted on cleaned and O2 plasma treated Si substrates and XPS was performed on a 
Thermo Fisher Scientific Instruments (East Grinstead, UK) K-Alpha+ spectrometer. XPS 
spectra were acquired using a monochromated Al Kα X-ray source (h𝜈 = 1486.6 eV), 
employing an X-ray spot of ~400 μm radius. Survey spectra were acquired employing a 
Pass Energy of 200 eV and high resolution, and core level spectra for all elements were 
acquired with a Pass Energy of 50 eV. All spectra were charge referenced against the C1s 
peak at 285 eV to correct for charging effects during acquisition. Quantitative surface 
chemical analyses were calculated from the high resolution, core level spectra following 
the removal of a non-linear (Shirley) background. The manufacturers Avantage software 
was used which incorporates the appropriate sensitivity factors and corrects for the 
electron energy analyser transmission function. As discussed in previous chapters, XPS 
can be used to identify the elemental composition of a sample, and each element’s 
chemical environment. 
The presence of GABr in the treated films in the XPS spectra are best detected through 
the presence of Br peaks, since there is no clear way of detecting the GA+ cation through 
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XPS alone. Following the GABr treatment, Br 3d peaks are clearly observed in the XPS 
profile (Figure 6.4) at binding energies ~69 eV.265 
Figure 6.4 | Full XPS profiles for Pb-Sn mixed perovskite thin films with (blue) and without (red) GABr 
post-treatment, before background removal. Characteristic peaks for C, N, O, Pb, Sn, Cs and I elements are 
shown within the original graph, and the presence of Br 3d peak in the treated sample is shown within 
the zoomed portion of the spectrum from 115 to 55 eV.    
 
From the XPS spectra, it is observed that the GABr surface treatment results in altering 
the local chemical environment as seen from the shifts for all characteristic elemental 
peaks to higher binding energies following the GABr treatment, in comparison to the 
reference samples, as depicted in Figure 6.5. Following the above, it can be concluded 
that Br- is present in the perovskite layer in addition to I- as a halide. One of the 
possibilities of the existence of Br- is through inhabiting the X site in the crystal lattice. 
Given that XPS is a surface sensitive technique, the composition of the perovskite phase 
closer to the surface of the film can be estimated. Based on the XPS signals obtained for 
the I 3d and Br 3d signals, a I-:Br- ratio of 0.8:0.2 is estimated for the surface. It is noted 
that an O 1s signature is also observed for the films which is anticipated due to exposure 
of samples to ambient environment during transfer from N2 glove box to the XPS system. 
Interestingly, the surface O content reduces following the GABr treatment. As discussed 
later in Section 6.9.1.3, the GABr treatment leads to a deeper VB than the reference VB. 
Generally, a deeper VB edge is preferred to minimise reactivity with O2. The deeper VB 
here is attributed to the lower O content observed on GABr treated films. 
 
CHAPTER 6   Achieving High Fill Factors in Sn-based PSCs 
154 
 
 
 
Figure 6.5 | XPS elemental analysis for treated and untreated Pb-Sn mixed perovskite thin films, with 
quantification data given in the table. Treated samples show a shift to higher binding energies, indicating 
a change in the local chemical environment. 
 
6.4.2. Distribution of Bromine in the Thin Film; EDXS Analysis 
From the XPS results, the occurrence of Br- on the perovskite surface was confirmed. 
However, XPS alone is not sufficient to identify whether the species (e.g. Br) are localised 
on the surface. Furthermore, being a more surface sensitive technique, it does not enable 
a better understanding of the distribution of species through the thickness of the films. 
Hence, Energy Dispersive X-ray Spectroscopy (EDXS) was employed on the GABr treated 
films, as well as a cross section of the films. An EDX map can be used to obtain the 
distribution of elements on solid samples. First, SEM imaging was carried out on the 
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surface and cross section, and the EDX elemental mapping was overlapped on the 
micrographs obtained. 
Samples for SEM were prepared by coating the perovskite layer with GABr treatment on 
cleaned and O2 plasma treated substrates following the same procedure as in Section 6.3.1 
with electrical contacts made using conductive silver ink between the metal SEM stub 
and the ITO layer prior to SEM imaging, and samples were investigated with a FEI 
Quanta 200F Environmental SEM setup under a vacuum of <10-5 mbar.  
To investigate the cross sections, the samples were milled using a FEI Nova Nanolab 
Focused Ion Beam (FIB) system, and mounted at an angle of 52° before imaging. Prior to 
milling, the interested area of the perovskite layer was enclosed by a protective Pt coating 
by EBID (electron beam induced deposition) at 5 keV and ~1 nA, followed by Pt-IBID 
(platinum-ion beam induced deposition) at 30 keV and 0.4 nA beam current, under a 
vacuum of ~5 x 10-6 mbar. The cross section was made using a Ga+ ion beam at 30 keV, 
0.4 nA. Subsequently a cleaning cross section step was carried out at 5 keV at a lower 
current. 
 The EDX analysis was carried out on the samples through an x-act Oxford Instrument 
EDX detector coupled with a Zeiss Supra 40 SEM setup. The images were analysed 
through INCA software by Oxford Instruments. The cross section EDX was obtained with 
the sample angled at 52°. Figure 6.6(a) depicts the surface EDX map for Br (indicated in 
red dots) which is observed to be somewhat evenly distributed on the film surface. When 
considering the film cross section (Figure 6.6(b)), similar abundance of Br could be seen 
through the thickness of the film in the EDX map (Figure 6.6(c)).  
It is known that Br- incorporation in I- containing perovskite compositions can widen the 
bandgap of the perovskite semiconductor.145 From the above observations it can be 
concluded that Br- is incorporated within the entire thickness of the Pb-Sn mixed 
perovskite film studied here. However, the quantitative variation of Br- through the 
thickness could not be analysed using the EDX maps, since this technique is not sensitive 
to small changes in concentration of chemical species in a sample. Hence, it is not clear 
so far, if the ratio of I:Br of 0.8:0.2 as discussed in Section 6.4.1 remains constant through 
the thickness of the film. This is further analysed in the next section. 
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Figure 6.6 | (a) The EDX mapping of surface of the GABr treated perovskite layer showing homogeneous 
Br- distribution (indicated by red dots) overlaid on the SEM micrograph of the tested surface. (b) The 
cross-section micrograph of the treated perovskite layer showing (c) Br- distribution through the 
thickness of the film. 
 
6.4.3. Composition of Perovskite through the Thin Films; TOF-SIMS 
Analysis 
As discussed above, to identify any concentration gradients of the composition of the 
modified perovskite resulting from the GABr treatment, the treated samples were studied 
using Time of Flight – Secondary Ion Mass Spectrometry (TOF-SIMS).  
Samples were prepared through spin coating on cleaned and O2 plasma treated ITO/Glass 
substrates, and ToF-SIMS analyses was carried out on an ION-TOF GmbH (Münster, 
Germany) TOF-SIMS 5 system. The instrument was equipped with a reflectron type 
analyser and microchannel plate detector. A Bi liquid metal ion source (LMIS) was 
employed for mass data acquisition. Mass data was acquired using the Bi3+ cluster ion. 
Mass data acquisition was performed by raster scanning over a 100 × 100 μm2 area. A 25 
keV Bi3+ primary ion beam delivering 0.18 pA of current was used, and a cycle time of 
100 μs was employed for mass data acquisition. As the sputter/etch tool, a Cs+ ion source 
was employed. The area analysed by the LMIS was at the centre of the sputter/etch crater 
formed using the rastered Cs+ beam. A 3 kV Cs+ primary ion beam was employed, and the 
Cs+ sputter/etch area was 400 × 400 μm2. A sputter/etch interval of 1 s was used for all of 
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the depth profile studies described here. The depth profiling analyses were performed in 
the ‘non-interlaced’ mode, that is, repeat cycles of mass data acquisition by the Bi LMIS, 
1 s sputter/etch by the Cs source, followed by 1 s charge compensation using a low energy 
electron flood gun were employed. 
The TOF-SIMS analysed data for positively and negatively charged species are depicted 
in Figure 6.7. These depth profiles are plotted as Intensity Vs. Sputter Time, where 0 s of 
the x-axis is attributed to the top (exposed) surface of the perovskite film and the bottom 
surface of the film can be found around 300-400 s. The latter is identified by examining 
the signals  for InO- of the anionic species profile (Figure 6.7(a)) and In+ of the cationic 
species profile (Figure 6.7(b)), arising from the ITO of the ITO/glass substrate. These 
species show a sudden increment at ~300-400 s indicating the interface of the perovskite 
film and the ITO film.  
Figure 6.7 | TOF-SIMS depth profiles obtained for the (a) negatively charged (anionic) and (b) positively 
charged (cationic) species present in the samples. The Br- is observed to be slightly higher in 
concentration closer to the two surfaces of the Pb-Sn mixed perovskite film while the GA+ content is 
observed to decrease through the thickness prior to achieving a constant loading. A schematic 
representation of the corresponding perovskite layers is shown on top of each graph, denoting top and 
bottom surfaces.  
 
Analysis of the negatively charged species existing in the film (mainly the anions present 
in the perovskite absorber), as depicted in Figure 6.7(a) indicates a nearly uniform I- 
concentration through the thickness of the film. Interestingly, the Br- signal was also 
observed through the thickness of the entire perovskite film further proving that the 
impact of the post treatment in the films is not restricted to the surface, in agreement 
with the observations made from the EDX scans for the cross-sectional images (as 
discussed previously in Section 6.4.2). In addition to this, it can be observed that closer to 
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the both top and bottom surfaces of the film, the Br- content shows a sudden increment 
(seen as increased intensity of Br- signal near sputter times of 0 and 300-400 s 
respectively), while the I- signal appears fairly constant throughout the thickness of the 
film. Therefore, it is proposed that following the GABr treatment, an absorber with a 
halide (X-site) composition similar to X = I0.8Br0.2 / I1-yBry / I0.8Br0.2 (surface/bulk/surface) 
is formed through the thickness of the film where 0 < y < 0.2. An increment of the surface 
oxygen can also be observed, which is attributed to the sample exposure to air while being 
transferred from the N2 glove box, to the analyser. 
Following the evaluation of the Br- distribution, the distribution of the GA+ cation was 
examined through the thickness of the film. The TOF-SIMS depth profiles for the 
positively charged species depicted in Figure 6.7(b) indicates that the concentration of 
the GA+ cations decreases from the top surface (on which the GABr treatment was carried 
out) up to about 50% depth into the film thickness (up to ~200 s sputter time) of the Pb-
Sn mixed perovskite absorber, followed by plateauing to a stable concentration of GA+ 
cation at higher depths (from ~200 s to ~400 s). The decrease in the GA+ content is most 
probably due to the larger ionic radius of this organic cation (278 pm)155 in comparison 
to the smaller ionic radius of Br- (196 pm).266 The existing GA+ species are most likely to 
inhabit the grain boundaries near the surface and subsurface regions since the larger size 
will prevent them from being incorporated inside the film. 
6.5 Impacts on Crystal Structure 
6.5.1. Effect of GABr on the Perovskite Crystal Lattice; XRD Study 
Large A-site cations with ionic radii similar to GA+ has been suggested to be too large to 
form a stable 3D perovskite phase on its own.155 However, recently it has been indicated 
that stable 3D perovskite phases can be formed with GA+ based on multi-cation 
perovskite systems.157,267 Furthermore, when used in Sn-based perovskites, GA+ in 
combination with Sn2+ has been reported to form 2D perovskites.268 In a recent study, 
Zhang et al., have indicated that moderate levels of GA+ incorporation in the perovskite 
films can result in the formation of either 1D/3D or 1D/2D/3D perovskite systems.157,267 
Therefore, to identify if a new perovskite phase is formed in the work discussed here, 
thin film X-Ray Diffraction (XRD) analysis was carried out on both of the reference and 
GABr treated Pb-Sn mixed perovskites films.  
For thin film XRD measurements, both GABr treated and untreated perovskites samples 
were coated on ITO/glass substrates. XRD spectra were obtained based on a CuKα1 
CHAPTER 6   Achieving High Fill Factors in Sn-based PSCs 
159 
 
(1.54060 Å) emission from a Rigaku Mini Flex 600 system. Figure 6.8(a) depicts the XRD 
scans for the reference and GABr treated samples. As commonly observed for triple 
cation perovskites223, the main peaks within the range of the scan were identified as (100), 
(110), (111) and (200) planes respectively at 2θ values of ~14⁰, ~20⁰, ~24⁰ and ~28⁰. In 
typical Pb-only triple cation perovskites, an additional peak for excess PbI2 is observed at 
2𝜃 around 13⁰ -14⁰.250,269 However, the Pb-Sn mixed perovskite studied here does not 
show evidence for the presence of any additional Pb or Sn halide phases. The lack of any 
such excess phases in both the reference and the GABr treated samples indicates that the 
absorber formed is based on the Pb2+ in the starting precursor mix, while the Sn2+ is based 
on the non-oxidized Sn2+ content present, which is consistent with the expected lack of 
Sn2+ based phases following the treatment protocols developed in this work and followed 
here.  
Figure 6.8 | XRD spectra of the GABr treated and untreated Pb-Sn mixed triple cation perovskite showing 
the (a) full profile and (b) enlarged to indicate the peak shifts ((100) and (200) peaks shown here) with 
GABr treatment to higher 2Ө (lower d-spacing). 
 
With regards to the GABr treatment carried out on the Pb-Sn mixed perovskites, there 
still remains the question on whether GA+ is incorporated into the perovskite lattice, 
forming 2D, 1D/3D or 1D/2D/3D structures. In previous reports, the occurrence of such 
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films has been observed to result in an increase in the perovskite lattice parameters as 
opposed to the decrease in the lattice parameters (shift to higher 2𝜃 or lower d-spacing 
between planes) observed here (Figure 6.8(b)) following the GABr treatment. Therefore, 
this supports the earlier conclusion that the excess GA+ is segregated either at the grain 
boundaries or the surface of the Pb-Sn mixed perovskite absorber.  
To calculate the unit cell parameters, the lattice parameters were fitted with the 
orthorhombic model; 
1
𝑑ℎ𝑘𝑙
2 =  
ℎ2
𝑎2
+
𝑘2
𝑏2
+
𝑙2
𝑐2
 
(6.1) 
The unit cell parameters can be calculated as, a = 6.33 Å, b = 6.34 Å, c = 6.34 Å for the 
reference Pb-Sn mixed perovskite lattice, and a = 6.32 Å, b = 6.29 Å and c = 6.33 Å for 
the GABr treated sample, clearly indicating the contraction of unit cell following the 
GABr treatment. In both cases, the unit cells appear to be cubic, as also discussed for this 
perovskite in Chapter 4 (Section 4.5.2). 
 
6.5.3. Micro-Strain Analysis 
Following the confirmation of the absence of 1D or 2D perovskite phases, the reduction 
in lattice parameters (or shift to higher 2θ) following the GABr treatment were further 
analysed. For this purpose, a modified Williamson-Hall strain analysis was carried 
out270,271 for both the reference and GABr treated perovskite layers. Peak shifts or 
broadening in XRD spectra can be caused by a reduction in grain size (Scherrer 
broadening) and/or non-uniform strain (micro-strain). Scherrer broadening is significant 
only for grains sizes below 100 nm270,271 which is smaller than that obtained in this work 
as evident in the SEM images (Section 6.3), hence it can be neglected here. Micro-strain, 
however, can be due to small fluctuations in the lattice spacing in crystalline materials 
arising from crystal imperfections/structural defects such as dislocations, interstitials, 
vacancies, twinning, stacking faults, and grain boundaries.270–272  
When considering Bragg’s law; 
𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃 (6.2) 
where n is an integer, d represents the lattice parameter, λ the wavelength of the X-ray 
beam used and θ the diffraction angle, it is apparent that λ and d are directly proportional 
to each other. Hence, slight fluctuations in d can result in small fluctuations or 
broadening in θ. 
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In this work, the extent of micro-strain in the Pb-Sn mixed perovskite films were studied 
by examining the peak broadening in the diffraction patterns through the modified 
Williamson-Hall method.270–272 Under experimental conditions, there are 3 factors which 
can affect the d-space broadening (Δdobs) of an XRD peak; namely, the instrument 
response (Δdins), the grain size (Δdsize) and the micro-strain (Δdε) width broadening, which 
contributes towards broadening of the Gaussian FWMH (full width half maximum) in 
the 2θ scan. These can be de-convoluted from the detected broadening, using the 
following equation: 
                                                    ∆𝑑𝑜𝑏𝑠
2 = ∆𝑑𝜀
2 +  ∆𝑑𝑖𝑛𝑠
2 + ∆𝑑𝑠𝑖𝑧𝑒
2  (6.3) 
 
Where, the unitless parameter 𝜀 denoting the micro-strain can be defined as,  
𝜀 =  
𝑑𝜀
𝑑
 
(6.4) 
 
Here, d is the main d-spacing, therefore Equation 6.3 can now be given as, 
                                                    ∆𝑑𝑜𝑏𝑠
2 = Δ(𝜀𝑑)2 +  ∆𝑑𝑖𝑛𝑠
2 + ∆𝑑𝑠𝑖𝑧𝑒
2  (6.5) 
 
Since the peak broadening due to grain size effects are neglected here (due to the large 
grain sizes as discussed above), Δdsize can be neglected, hence; 
(∆𝑑𝑜𝑏𝑠
2 − ∆𝑑𝑖𝑛𝑠
2 )
1
2⁄  ≈  𝜀𝑑 (6.6) 
 
By plotting (∆𝑑𝑜𝑏𝑠
2 − ∆𝑑𝑖𝑛𝑠
2 )
1
2⁄  vs 𝑑 (Figure 6.9(a)) the micro-strain ε, in the crystals can 
be estimated from the slope. As shown in Figure 6.9(b), in comparison to the untreated 
perovskite film, an increase in micro-strain is clearly observed following the GABr 
treatment. Such an increase in micro-strain is anticipated mainly due to the formation of 
a Br- incorporated perovskite phase, and the concentration gradient observed for the large 
GA+ cation which can influence the perovskite grains formed in the direction 
perpendicular to the film surface. 
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Figure 6.9 | Micro-strain analysis based on the XRD for treated and untreated Pb-Sn mixed perovskites 
indicating (a) plot of (∆𝑑𝑜𝑏𝑠
2 − ∆𝑑𝑖𝑛𝑠
2 )
1
2⁄  Vs. d and (b) the analysed micro-strain. GABr post treatment is 
observed to result in an increase in the micro-strain of the perovskite. 
 
6.6 Impact on the Optical Bandgap 
Following the XRD analysis where changes in the crystal lattice were observed, the 
optical bandgaps of the treated and untreated perovskite semiconductors were 
investigated using steady state photoluminescence (PL). The two films were casted on 
cleaned and O2 plasma treated Quartz substrates. Each film was excited at 475 nm 
(bandwidth 29 nm) from both surfaces as shown in Figure 6.10(a), where the surface in 
contact with the substrate is referred to as the “front” and the exposed/treated surface is 
referred to as the “back”. To obtain the spectra, a Horiba Jobin Yvon (HJY) Fluorolog 
spectrofluorometer was employed, and the illumination (475 nm) was done using a 
Xenon lamp with monochromator, at an intensity of ~400 W m-2. PL was measured with 
a HJY iHR320 spectrometer coupled to a DSS-IGA020L detector.  
As depicted in Figure 6.10(b), comparison of the resulting front and back excitation 
spectra obtained for the reference and GABr treated perovskite films indicate a blue-shift 
of the PL emission following the GABr treatment, indicative of a bandgap energy (EBG) 
increase. In order to determine the EBG of the two perovskites, the back excited PL spectra 
were fitted with Voigt functions (Figure 6.11), and centre x-values are taken as EBG, where 
values of  ~1.25 eV for the reference and ~1.31 eV following the GABr treatment were 
observed. This blue shift observed regardless of the excitation surface, agrees with Br- 
incorporation observed above based on ToF-SIMS measurements and indicates the 
incorporation of Br- into the perovskite lattice. This result also matches well with the 
reported studies where Br- incorporation in perovskites shifted the band edge to higher 
energies indicating the formation of a wider bandgap semiconductor.219 
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Figure 6.10 | (a) Schematic representation of the front and back excitation of the surface treated Pb-Sn 
mixed perovskite layer where the back excitation is done at the treated surface. (b) Steady state PL 
spectra obtained from the front and back excitation of the perovskite layer (excitation wavelength = 475 
nm), where a blue-shift of PL peaks for GABr treated film is obtained regardless of the surface of 
excitation. 
Figure 6.11 | Voigt fits for determination of bandgap energy (EBG) based on steady state PL spectra 
obtained from back excitation of the perovskite layer (excitation wavelength = 475 nm). Voight fits are 
shown in dotted lines, yielding average bandgaps of ~1.25 eV and ~1.31 eV for reference and GABr treated 
devices respectively.  
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6.7 Photovoltaic Device Performance 
6.7.1. Modified Device Fabrication 
Following the above findings, the GABr treated perovskite layer was employed in 
fabricating PSC devices to investigate any enhancements in the device performances. 
Devices were fabricated on cleaned and O2 plasma treated ITO/glass substrates using the 
same architecture of ITO/PEDOT:PSS/Perovskite/PC60BM/ZnO/BCP/Ag as discussed for 
Pb-Sn mixed perovskites in Chapter 5, in a N2 glove box. All the interlayers were 
fabricated using the same procedures, and the perovskite absorber layers were casted on 
PEDOT:PSS HTL by spin coating 30 µl perovskite absorber layer using a two-step process 
consisting of 1000 rpm for 8 s followed by 6000 rpm for 37 s. 75 µl of toluene as the anti-
solvent was dropped 5 s prior to the end of spinning cycle, and the coated substrates were 
annealed at 120oC for 20 min inside the glove box. The samples were taken out of the hot 
plate and left to cool to room temperature for 5 min, prior to spin coating with 100 µl 
toluene at 6000 rpm, 30 s to remove any oxidised Sn species, followed by annealing at 
120oC, 5 min. For the surface treated devices, the samples were then coated with 50 µl of 
the GABr solution at 5000 rpm, 30 s and annealed at 120oC for 10 min, followed by 
coating with 50 µl of 2-propanol at 5000 rpm, 30 s. After cooling the samples to room 
temperature, the ETLs and metal electrodes were coated as given in Chapter 5. The 
devices were fabricated with a pixel area of 0.68 cm2. 
 
6.7.2. Impact of GABr Treatment on I-V Characteristics of PSCs 
The I-V (current-voltage) characteristics of the devices were studied using the same 
process as discussed in Chapter 5. Testing was carried out under N2 atmosphere, 
employing an AM 1.5G 1 sun solar spectrum generated by an ABET 10500 solar simulator 
(class AAB) equipped with a 150W Xe arc lamp. The solar simulator was calibrated to 
100 mW cm-2 with a reference Si cell (Newport, PVM 165) and the devices were 
measured through an aperture mask of 0.433 cm2 open area, with a scan rate of 0.5 V s-1, 
by connecting the PV devices directly to a Keithley 2400 source measure unit (SMU) as 
the external load. Reverse scans were used to compare the data for different devices. 
Figure 6.12(a) depicts a schematic representation of the reference device (inverted 
architecture). For the GABr treated devices, the post-treatment was done on the surface 
now in contact with the PC60BM electron selective layer. The J-V (current density – 
voltage) behaviour of the champion reference and GABr treated PSCs are given in Figure 
6.12(b) along with the distributions of device parameters shown in Figures 6.12(c–f) and 
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Table 6.1. An improvement in average Jsc from 22.9 ± 1.2 mA cm-2 to 24.3 ± 0.5 mA cm-2 
following GABr treatment was observed, while in the respective champion devices Jsc 
was improved from 23.5 mA cm-2 to 24.3 mA cm-2. The enhancement in the Jsc is 
attributed to the improved photocurrent generation throughout the entire wavelength 
range of incident light, as evident from the EQE measurements discussed later in 
following sections (See Section 6.7.3.). Considering the Voc, it should be noted that a slight 
decrease from 0.73 V to 0.72 V was observed in the champion devices following the GABr 
treatment. This contradicts with the general trend observed in GABr treated Pb-only 
perovskites that exhibit enhancements in photovoltage.155 The reasons for this behaviour 
in the Pb-Sn mixed perovskite in this work will be discussed later in this chapter (Section 
6.9). 
Figure 6.12 | Photovoltaic device performance comparison before and after surface treatment. (a) 
Schematic representation of the PSC device stack (not drawn to scale). (b) J-V characteristics of the 
champion and GABr treated devices with maximum power point shown as MPP (inset: PCE tracking at 
MPP). Box plots for (c) Voc (d) Jsc (e) FF and (f) PCE comparison of the PV devices. 
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Table 6.1 | Device performances of Pb-Sn mixed perovskite solar cells with and without GABr 
post-treatment. 
 
The most notable enhancement of the GABr treated PSCs is in the FF of the device. For 
the champion devices, the FF increased from 70.3% to 82.6% following the GABr 
treatment. Based on a survey of reported work in the literature (see Section 6.8), it is 
noted here that the FF values obtained in this work, to the best of the author’s knowledge, 
are the highest reported for FF for Sn incorporated perovskite PVs and approaches the 
best FFs observed for Pb-only PSCs.273 The multiple enhancements achieved for the 
device parameters with the GABr treatment has enabled a PCE improvement from 12% 
(of reference) to 14.4% (treated) to be reached. Furthermore, tracking of the PCE at the 
maximum power point (MPP) as depicted in the inset of Figure 6.12(b) indicates a 
stabilised response over time for the GABr treated device in comparison to the fast 
decrease observed for the reference devices over time. Hence it can be concluded that 
the GABr treatment not only improves the device efficiencies but also improves the 
stability of PSCs under operation. Considering the hysteresis of the PSCs, at low scan 
rates (< 0.01 V s-1) the GABr treated devices show lower hysteresis than the reference, 
however at higher scan rates (> 0.01 V s-1) the devices show comparable hysteresis.  
 
6.7.3. Impact of Post-Treatment on External Quantum Efficiency 
As discussed above, the improvements in Jsc of the devices following the post-treatment 
can be attributed to the enhancements in photocurrent generated throughout the entire 
range of the incoming photon energies, as seen by the device EQE profiles depicted in 
Figure 6.13. The corresponding integrated current densities are also given in Figure 6.13. 
Upon close inspection of the EQE profiles, the absorption edge at ~1000 nm is observed 
to be blue shifted (to lower λ; higher photon energy) in the GABr treated films, further 
confirming the EBG increase observed in the steady state PL study following Br- 
incorporation into the perovskite. 
Device 
parameters 
Reference Perovskite GABr Treated Perovskite 
Average Champion 
Device 
Average Champion 
Device 
VOC (V) 0.70 ± 0.03 0.73 0.69 ± 0.02 0.72 
JSC (ma cm-2) 22.9 ± 1.2 23.5 24.3 ± 0.5 24.3 
FF (%) 68.6 ± 3.3 70.3 79.5 ± 2.8 82.6 
PCE (%) 11.1 ± 0.9 12.0 13.3 ± 0.7 14.4 
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Figure 6.13 | EQE profiles of the reference and treated devices with the integrated current densities. A 
blue shift oin the EQE spectra corresponding to the bandgap is observed following the GABr treatment, in 
agreement with the bandgap widening upon Br- incorporation. 
6.8 Fill Factor Analysis 
6.8.1. Comparison with Reported PSCs 
As discussed in Section 6.7.2, exceptionally high fill factors were observed for the GABr 
treated Pb-Sn mixed PSCs in this work. Figure 6.14 depicts a chart comparing the 
champion FF obtained here with the champion FFs achieved for reported Pb-Sn mixed 
PSCs in literature, with the corresponding Pb-Sn mixed perovskite compositions and 
PCEs given in Table 6.2. In the comparison chart, the Pb-Sn mixed PSCs are categorised 
according to the Sn content in the perovskite absorber (Sn = 25, 30, 50 or 60%) which are 
shown within different colour gradients. 
Figure 6.14 | Comparison of literature FF values for different Pb-Sn mixed PSC devices (the numbers 
indicated within brackets are given in Table 6.2 with further details of the corresponding perovskite 
compositions) with the current work indicated by red sphere. 
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It can be clearly seen that all reported systems have FFs <80% despite high efficiencies in 
some cases, further emphasising the difficulty in achieving high FFS, and therefore, the 
importance in developing routes to do so.  In Pb-only PSCs, fill factors above 80% have 
been achieved in a number of occasions274,275 with the highest reported being ~87%.276 In 
such systems, the theoretical FF limit is usually calculated using the Shockley-Queisser 
model, taking the open circuit voltage of the PSCs into account. Hence, a similar study 
was carried out for the Pb-Sn mixed perovskite system here, which will be discussed next. 
 
Table 6.2 | Pb-Sn mixed perovskite compositions for the reported studies indicated in the FF 
comparison chart (Figure 6.19) 
Number Perovskite composition Pb : Sn FF(%) PCE(%) Ref. 
1 MAPb0.75Sn0.25I3 0.75 : 0.25 78 14.35 Yang et al 41 
1 FA0.5MA0.5Pb0.75Sn0.25I3 0.75 : 0.25 78 14.19 Yang et al 41 
2 MAPb0.75Sn0.25I3 0.75 : 0.25 78.56 14.12 Liu et al 27 
3 Cs0.1MA0.9Pb0.75Sn0.25I3 0.75 : 0.25 76 14.55 Xiao et al 21 
3 FAPb0.75Sn0.25I3 0.75 : 0.25 70.3 10.27 Xiao et al 21 
3 Cs0.2FA0.8Pb0.75Sn0.25I3 0.75 : 0.25 75.7 14.46 Xiao et al 21 
3 Cs0.1MA0.9Pb0.75Sn0.25I3 0.5 : 0.5 61.7 10.07 Xiao et al 21 
3 FAPb0.5Sn0.5I3 0.5 : 0.5 65.4 8.44 Xiao et al 21 
3 Cs0.2FA0.8Pb0.5Sn0.5I3 0.5 : 0.5 68.3 11.63 Xiao et al 21 
4 MAPb0.75Sn0.25(I0.4Br0.6)3 0.75 : 0.25 78 12.59 Xiao et al 21 
5 FAPb0.75Sn0.25I3 0.75 : 0.25 75.4 17.25 Chi et al 181 
6 MAPb0.75Sn0.25I3 0.75 : 0.25 79 13.7 Liu et al 175 
7 MAPb0.75Sn0.25I3 0.75 : 0.25 72.5 15.2 Zhu et al 38 
8 MAPb0.75Sn0.25I3 0.75 : 0.25 66 12.08 Li et al 176  
9 Cs0.3FA0.7Pb0.7Sn0.3I3 0.7 : 0.3 71.6 14.6 Zong et al 182 
10 FA0.7MA0.3Pb0.7Sn0.3I3 0.7 : 0.3 74 13.6 Wang et al 183 
11 Cs0.05FA0.79MA0.16Pb0.664Sn0.336I2.48Br0.52 0.664 : 0.336 76.01 16 Ji et al 176 
12 FA0.85MA0.15Pb0.6Sn0.4I0.85Br0.15 0.6 : 0.4 79.1 18.21 Zhu et al 177 
12 MAPb0.4Sn0.6I3 0.4 : 0.6 75.8 15.85 Zhu et al 177 
13 MAPb0.5Sn0.5I3 0.5 : 0.5 60 6.87 Lyu et al 33 
14 Cs0.25FA0.75Pb0.5Sn0.5I3 0.5 : 0.5 71 14.8 Eperon et al 184 
14 FAPb0.5Sn0.5I3 0.5 : 0.5 66 10.9 Eperon et al 184 
15 MAPb0.5Sn0.5IxCl3-x 0.5 : 0.5 71.1 12.3 Liu et al 186 
16 MAPb0.5Sn0.5I3 0.5 : 0.5 63 >10 Lin et al 35 
17 FA0.5MA0.5Pb0.5Sn0.5I3 0.5 : 0.5 70 14.01 Xiaobao et al 40 
18 MAPb0.5Sn0.5I3 0.5 : 0.5 67 14.4 Rajagopal et al 19 
19 FA0.5MA0.5Pb0.5Sn0.5I3 0.5 : 0.5 77 17.6 Kapil et al 23 
20 FAPb0.5Sn0.5I3 0.5 : 0.5 73 16.27 Shao et al 185 
21 Cs0.25FA0.75Pb0.5Sn0.5I3 0.5 : 0.5 75 15.6 Leijtens et al 31 
22 FA0.6MA0.4Pb0.4Sn0.6I3 0.4 : 0.6 70.6 15.08 Liao et al 20 
23 MAPb0.4Sn0.6I3 0.4 : 0.6 63 10 Zhao et al 36 
24 FA0.6MA0.4Pb0.4Sn0.6I3 0.4 : 0.6 72.5 17.6 Zhao et al 105 
This 
work 
Cs0.05FA0.79MA0.16Pb0.5Sn0.5I3 0.5 : 0.5 83 14.4  
 
CHAPTER 6   Achieving High Fill Factors in Sn-based PSCs 
169 
 
6.8.2. Estimation of Theoretical Fill Factor Limit 
To estimate the theoretical Shockley-Queisser limit for the FF of the system developed 
in this work, first, the FF approximation developed by Martin Green,1 is considered: 
𝐹𝐹𝑚𝑎𝑥 =
𝜐𝑜𝑐 − 𝑙𝑛(𝜐𝑜𝑐 + 0.72)
𝜐𝑜𝑐 + 1
 
(6.7) 
Here, the term 𝜐𝑜𝑐 is, 
𝜐𝑜𝑐 =
𝑞𝑉𝑜𝑐
𝑛𝑘𝑇
 
(6.8) 
 
Where, q is the electronic charge, k is the Boltzmann constant, T the cell temperature 
and n is the diode ideality factor. Here, it is evident that the maximum FF achievable is 
limited by the Voc of the device. The upper limit of the Voc, in turn is decided by the 
bandgap of the semiconductor,1 which for this work, was found to be ~1.25 eV and ~1.31 
eV for reference and GABr treated devices respectively (see Section 6.6). In a perfect 
system without any energy losses, the bandgap energy should be equal to qVoc. However, 
in inorganic semiconductors ~0.30 – 0.4 V loss in Voc is attributed to thermodynamic 
losses,277 hence to approximate the upper limit of the Voc, a 0.3 V loss is assumed for the 
Pb-Sn mixed perovskite system discussed in this work. This brings the upper limit of Voc 
to ~1.01 V. In an ideal scenario where the diode ideality factor n = 1, which upon 
substituting in Equation 6.8 yields the value for 𝜐𝑜𝑐 (𝜐𝑜𝑐= 39.345 at room temperature; 
298 K). Then, from Equation 6.7 a FFmax of 0.883 is estimated.  
The theoretical FF limit 88.3 % for the Pb-Sn mixed perovskite system here, is only ~5% 
higher than the experimental FF obtained of 83% (Section 6.7.2 and 6.8). Hence it is 
evident that the experimental FF is within reach of the Shockley-Quessier limit. Due to 
the narrow bandgap, this limit for Pb-Sn mixed perovskites will be much less than what 
is estimated for Pb-only systems which is well beyond 90%.273 As discussed above, in 
calculating the FFmax, an ideal PSC device was assumed (n = 1), where recombination 
within the semiconductor is expected to take place only through a 1st order process (i.e. 
Shockley Read Hall mechanism, monomolecular recombination) with very low injection 
from the contacts. However, in a real device this is seldom the case, and a number of 
additional factors are persistent such as 2nd order (bimolecular) recombination, resistive 
losses in the contacts, etc. Hence, the experimental FF loss of ~5% can be attributed to 
those effects and further gains should be achieved especially through further optimisation 
of the active layer, charge transport layers278 and device engineering for the series 
resistance losses specifically at the transparent contact. 
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As discussed in Chapter 4, the bandgap of a Pb-Sn mixed perovskite semiconductor could 
be altered with the ratio of Pb2+:Sn2+ at the B-site of the crystal, as well as the A and X 
sites. Depending on the prominent recombination mechanism of the perovskite system, 
the n value is also affected such that 1 < n < 2 (typically).279 Since these are the two main 
parameters deciding the theoretical FF limit, it is worthwhile exploring the maximum 
achievable fill factors for a range of such perovskite systems with different EBG and n 
values. Figure 6.15 depicts a colour plot for the theoretical FF limits for bandgaps ranging 
from 1.15 eV to 1.4 eV. If the EBG and n is known, this colour plot can be used to obtain 
the FFmax. As discussed previously, the optical bandgap can be obtained through 
measurements of steady state PL, UV-Vis absorption edge or from the EQE absorption 
edge. The ideality factor, n, however, is calculated using the light illumination intensity 
dependence of Voc. Calculation of n for the Pb-Sn mixed system discussed in this work, 
will be further discussed later in this thesis (see Section 6.10.4). 
Figure 6.15 | Estimated maximum fill factors (FFmax) based on varying semiconductor absorber layer 
bandgap energies (EBG) from 1.15 eV to 1.4 eV and ideality factors (n) from 1 to 2. 
 
 
 
CHAPTER 6   Achieving High Fill Factors in Sn-based PSCs 
171 
 
6.9 Proposed Mechanisms for Enhanced Fill Factor 
Previously, it was identified that despite the increased bandgap following the GABr 
treatment, the Voc of the treated devices decreased slightly from that of the reference 
devices (see Section 6.7.2.). However, a large improvement of the FF was observed. 
Considering these factors, firstly, the alignment of energy levels between the perovskite 
and the charge transport layers (HTL and ETL) are studied, to investigate any 
improvements in charge carrier extraction as possible origins for the high FF. Secondly, 
another factor that can affect the FF is the charge recombination dynamics of the PSC 
devices. Depending on these factors, a few mechanisms are proposed in the upcoming 
sections. 
 
6.9.1. Impact of GABr on the Energy Level Alignment; UPS Analysis 
To investigate the energy level alignment in the device, first the conduction and valence 
band energies (CB and VB) of the absorber should be known. For this purpose, ultraviolet 
photoelectron spectroscopy (UPS) analysis was performed on the reference and GABr 
treated Pb-Sn mixed perovskite thin films. Samples were prepared on cleaned, O2 plasma 
treated ITO/glass substrates and UPS measurements were carried out at room 
temperature using a custom setup equipped with a He discharge lamp and a SCIENTA 
RS4000 photoelectron analyser. Two different types of measurements were carried out 
for the evaluation of the Fermi Energy and the VB energy as discussed below: 
6.9.1.1. Work Function Evaluation 
The work function of the samples (𝜙𝑆) were evaluated from the secondary electron cut-
off measured at a pass energy of 2 eV with He Iα radiation (21.22eV) on the sample biased 
at -5V. The Fermi energy of samples were evaluated from the Fermi edge of a Au(111) 
single crystal. Figure 6.16(a) depicts the resulting UPS profiles for the perovskite layers, 
where the “low-kinetic energy cut-off” (Ecutoff) for each film is seen by the steep slope 
around 5 eV, following the flat region at lower kinetic energies (KE). Ecutoff is obtained by 
the cut-off point at two linear fits to the plot is met, as shown in Figure 6.16(b) for the 
reference sample and Figure 6.16(c) for the GABr treated sample, resulting in values of 
5.243 eV and 5.163 eV respectively. These values were used in the following relationship 
to calculate the 𝜙𝑆; where Ebias is the bias potential (-5V) and  𝜙𝐴 is the work function of 
the analyser (4.135eV), evaluated from the Fermi level of Au(111) single crystal.  
𝜙𝑆 =  𝐸𝑐𝑢𝑡𝑜𝑓𝑓 + 𝐸𝑏𝑖𝑎𝑠 + 𝜙𝐴 (6.9) 
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Figure 6.16 | (a) UPS profiles for evaluating the low-kinetic energy cut-off (Ecutoff) of treated and untreated 
perovskite thin films. Ecutoff evaluation of (b) reference and (c) GABr treated samples by generating linear 
fits to the plots. The point where the linear fits meet is taken as Ecutoff. 
 
The resulting 𝜙𝑆 energies for reference and GABr treated samples, with respect to the 
vaccum level (Fermi level; 𝐸𝑓) were calculated as -4.4 eV and -4.3 eV respectively. 
Following this, the VB energies of the samples were evaluated as discussed in the next 
section. 
 
6.9.1.2. Valence and Conduction Bands 
The valence-band photoemission spectra were obtained at a pass energy of 10 eV using 
monochromated He II radiation (40.8 eV), and are depicted in Figure 6.17(a). Here, the 
KEs of the ejected electrons are given as their respective binding energies (BE). The 
valence level with respect to 𝜙𝑆 was calculated by the onset of the VB in each sample, as 
given in Figure 6.17(b) for the reference and Figure 6.17(c) for the treated samples. An 
energy offset was observed here for the two samples, where the GABr treatment has a 
shifted VB onset at 1.037 eV compared to 0.827 eV for the reference. Hence, the VB 
positions were calculated to be -5.2 eV for the reference and -5.3 eV for GABr treated 
perovskite showing a 0.1 eV difference in VB levels. 
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Figure 6.17 | (a) The valence band photoemission spectra for treated and untreated samples, where the 
VB onset is enlarged within the inset. (b) Analysis of VB edge energies through linear fits to the plots. 
 
Following this, the CB energies were calculated as follows: 
𝐶𝐵 =  𝑉𝐵 + 𝐸𝐵𝐺  (6.10) 
Hence the CB positions result in ~4.0 eV and ~3.9 eV for treated and reference samples 
respectively. 
 
6.9.1.3. Energy Level Diagram 
As allowed by the above analysis, a schematic diagram of the band positions for the Pb-
Sn mixed PSCs was developed; depicted in Figure 6.18. Band positions for the interlayers 
and electrodes were obtained from previous reports and material suppliers.280–282 
Figure 6.18 | Schematic diagrams indicating the band positions for the perovskite layers as calculated by 
UPS spectra, along with the band positions of the layers in the device stack. 
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Considering the energy levels, a shifting of the VB and CB to deeper energy values 
following the GABr treatment is observed, while the Fermi level (𝐸𝑓) is observed to have 
shifted closer to the CB edge. This signifies an increased n-type character of the treated 
films compared to the reference films. Based on this observation, a mechanism in which 
the GABr treatment aids in better charge extraction inside the device is proposed, which 
is proposed to give rise to the high fill factors observed. 
 
6.9.2. Proposed Mechanism for Improved Charge Extraction 
Based on the TOF-SIMS and EDX analysis discussed in Sections 6.4.2 and 6.4.3 
(respectively), it was evident that Br- is distributed through the thickness of the 
perovskite layer, and the absorber composition at the perovskite-charge transport layer 
interfaces are similar. Considering this and the energy levels depicted in Figure 6.18, the 
positive effects of GABr treatment on the charge extraction process is explained through 
following proposed mechanism.  
First, the junction between HTL (PEDOT:PSS) and perovskite absorber is considered 
(Figure 6.19). The hole extraction of the device is dictated by the potential between the 
HLT work function and the VB level of the perovskite. Here, as seen in Figure 6.19 
(right), the deeper VB level of GABr treated perovskite film generates a favourably higher 
potential difference between the PEDOT:PSS work function and perovskite VB. In 
contrast, the reference perovskite results in a lower potential difference (Figure 6.19 
(left)). 
 
Figure 6.19 | Schematic diagrams of alignment of the PEDOT:PSS work function with VB level of the 
untreated (left) and GABr treated (right) Pb-Sn mixed perovskite layer at thermal equilibrium under 
illumination. The deeper VB level in the GABr treated perovskite absorber results in the more efficient 
extraction of holes at the HTL in comparison to the untreated perovskite.  
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The higher potential difference between HTL and treated perovskite gives rise to a higher 
electric field which eases the transition of holes from perovskite to HTL.  Similarly. The 
lower resulting electric field between reference perovskite and HTL results in a lower 
efficiency of hole extraction to the PEDOT:PSS layer. Hence, it can be concluded that 
the hole extraction of the device is improved with the GABr treatment.  
Secondly, considering electron transport of the device, the junction between the PC60BM 
ETL and perovskite layer is taken into account. Revisiting the energy level diagram 
depicted in Figure 6.18, and discussed in Section 6.9.1.3, it can be recalled that the GABr 
treated perovskite has a shallower Fermi level than the reference perovskite. The fermi 
level represents where the majority of the electron density lies in within the 
semiconductor.  Thus, the ease of electron transition from the perovskite to PCBM is 
dominated by the energy level alignment of 𝐸𝑓 of the absorber with the LUMO level of 
ETL. In the case of both the reference and the GABr treated devices, there is an energy 
barrier between these levels, which is essentially unfavourable to the electron extraction 
process. However, this barrier is lower in the GABr treated perovskite (Figure 6.20 
(right)), given the shallower 𝐸𝑓, compared to the reference absorber (Figure 6.20 (left)), 
which has a much larger barrier against electron extraction. Thus, the energy match has 
improved at the GABr treated perovskite/ETL interface than the reference/ETL interface, 
thus, compared to the reference, the treated device will have better electron extraction 
as well. However, the electron transport in this device can be further improved by 
choosing a better suited ETL material which contains a deeper LUMO level, to eliminate 
the barrier at the perovskite/ETL junction, which will be discussed in Chapter 7, Section 
7.2.3. 
Figure 6.20 | Schematic diagrams of the PC60BM LUMO and the Fermi level of the untreated (left) and GABr 
treated (right) Pb-Sn mixed perovskite layer at thermal equilibrium under illumination. The lower barrier 
of GABr treated perovskite absorber 𝐸𝑓  with the ETL results in the more efficient extraction of electrons 
at the ETL in comparison to the untreated perovskite. 
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The above hypothesis signifies that the GABr treatment aids in better electron and hole 
extraction in resulting PSCs, compared to the reference devices. This in turn is expected 
to give rise to lower charge accumulation and recombination at the interfaces, and may 
be one of the reasons for the high fill factors observed within the treated perovskite 
system. Following this proposed mechanism, the recombination dynamics of the two 
systems were studied in-depth, which are discussed in the following section. 
6.10 Recombination Dynamics of Pb-Sn Mixed Perovskite 
System 
In this section, the recombination dynamics of the reference and GABr treated Pb-Sn 
mixed PSCs are studied. This was carried out by investigating the underlying electronic 
improvements as a result of this post treatment based on detailed opto-electronic 
characterisation techniques such as illumination intensity dependent PV characteristics 
and Capacitance-Voltage behaviour. Additionally, routes towards further improvements 
are identified based on a comparative study carried out for a commercially available Si 
photodiode. 
The measurements mentioned above, were carried out using a Platform for All-In-One 
characterization of Solar cells (PAIOS ™ measurement setup) developed by FLUXIM 
AG283 in place of the classical solar simulator system used earlier in this work. This is due 
to the decreased measurement time in carrying out an increased number of device 
measurements and the availability of a wide variety of device characterisation techniques 
within the same setup. 
 
6.10.1.  Platform for All-In-One characterization of Solar cells (PAIOS) 
Setup 
The PAIOS  measurement setup (see Chapter 3, Section 3.2.3) used here, as depicted in 
Figure 6.21(a), consists of a high-power white LED (Cree. Power LED white XP-G) as the 
light source which is calibrated using a reference Si photodiode to obtain an integrated 
power of 740 W m-2. However, it is noted here that the LED output spectrum as given in 
Figure 6.21(b), is different to that of the AM 1.5G solar spectrum, hence PAIOS results 
do not mimic the exact AM 1.5G 1 sun scenario and cannot be used to estimate the PCE 
of the PSC devices. Therefore, in this work, PAIOS measurements were used to only 
qualitatively analyse three different devices in order to identify the recombination 
mechanisms, charge transport and trap states that give rise to the higher FF following the 
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post treatment on Pb-Sn mixed perovskite surfaces. The devices were fabricated using 
the same procedure as discussed in Chapter 5, using an 8-pixel evaporation mask with 
0.056 cm2 pixel area (device top view shown in Figure 6.21(c)). All device measurements 
were carried out under ambient conditions without encapsulation, and small pixel areas 
were used to minimise the impact of any RC effects on the measurements (higher RC 
values result in slower transients that can impede the identification of processes that takes 
place at a rate faster than this value.) Most notably, upon measurements under 
atmospheric conditions, no significant degradation was observed in the Pb-Sn mixed 
perovskite devices which is in agreement with previous reports where the Pb:Sn ratio of 
0.5:0.5 has resulted in air stable absorber layers.30 
Figure 6.21 | (a) PAIOS measurement setup with the 2-probe unit. The PSC is illuminated from the bottom 
using a high-power white LED light source. (b) The output spectrum of PAIOS LED(top) in comparison 
with the AM 1.5G solar irradiance spectrum (bottom); y-axis is not shown in the same scale. (c) PSC device 
top view, as used for the PAIOS measurements. Each device has 8 pixels which work as individual devices 
with an active area of 0.056 cm2.   
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6.10.2. Light Intensity Dependant J-V Characteristics of PSC Devices 
As discussed previously, the FF (as well as Voc) of a PV device is commonly related to 
recombination of charge carriers, both within the perovskite layer and perovskite/charge 
transport interlayer interface.284 The total output current density in a solar cell is 
dependent on two parameters; the applied voltage (V) and the incident light intensity 
(I’).77 The total current density (J) is a combination of both photo-generated current 
density (Jph) and the dark current density (Jd) of a device and can be given as, 
𝐽 (𝑉, 𝐼′) = 𝐽𝑝ℎ(𝑉, 𝐼′) + 𝐽𝑑(𝑉) (6.11) 
Here, Jph is a product of the charge generation rate due to the absorption of light and the 
probability of charge collection by an external circuit. This can be given as,77  
𝐽𝑝ℎ(𝑉, 𝐼′) = 𝑞 𝑑 𝐺(𝐼′) 𝑃𝑐(𝑉, 𝐼′) (6.12) 
Here, q and d respectively are the electronic charge and the distance between the 
electrodes of the device, G is the flux of photons absorbed per unit volume by the device 
and Pc the probability of charge collection.77 Pc of a PV device is dependent on the 
recombination processes taking place within the device which in the case of the absorber 
layer, influences the charge carrier diffusion length.77 If the charge is generated at a 
distance (as measured from the electrode in which it is collected) larger than the diffusion 
length, or near a surface with high recombination (such as defects, traps, etc.), this results 
in a concomitant decrease in Pc. In perovskites, the charge mobilities and the diffusion 
lengths are considered to be very high.178 Hence, here only the contribution from 
recombination is considered. 
In order to study charge carrier recombination mechanisms of the PSC devices, the 
device performance was studied under varying illumination intensities (from 0.1% to 
100% power of maximum LED illumination, where 100% corresponds to 740 W m-2). As 
obtained J-V characteristics for GABr treated devices are depicted in Figure 6.22 as an 
example for the typical behaviour observed for J-V under illumination for the different 
absorber layers considered in this work.  
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Figure 6.22 | Illumination intensity dependence of J-V characteristics of the GABr coated perovskite PV 
device. 
 
In reverse bias, at sufficiently high negative voltages, all generated charge carriers in the 
depletion region are assumed to be collected resulting in Pc = 1. As a result, the Jph 
becomes independent of the voltage (reverse saturation condition), and dependent only 
on the illumination intensity. In this study, the reverse saturation voltage is considered 
as -0.5 V for all devices measured. Hence, 
𝑃𝑐(𝑉, 𝐼′) =
𝐽𝑝ℎ (𝑉, 𝐼′)
𝐽0(𝐼′)
 
(6.13) 
Where J0 is the photo-generated current density at reverse saturation. The Pc of the 
treated and untreated PSC devices obtained through normalization of Jph at -0.5 V are 
depicted in Figure 6.23. The photocurrents were calculated by subtracting the dark 
current from the output current. At 100% LED illumination intensity, Jph of the two 
different PSC devices show a clear difference especially in the FF, with GABr coated 
devices showing the best Jph-V characteristics (it is noted here that the FF relates to the 
maximum power point due to the photogenerated current. Under high illumination 
conditions where 𝐽𝑝ℎ ≫ 𝐽𝑑, the contribution from the leakage or dark current can be 
ignored whereas under weaker illumination conditions, where 𝐽𝑝ℎ ≈  𝐽𝑑, FF is 
significantly influenced by Jd). The Pc shows a clear dependence on the light intensity for 
both cases, for the entire voltage range studied. 
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Figure 6.23 | (a) Illumination intensity dependent charge collection probability of (a) GABr coated and 
(b) reference devices obtained by Jph-V plots normalized at -0.5 V (reverse saturation point). 
 
To compare, a commercially available Silicon photodiode (OSRAM) was measured under 
the same conditions. As depicted in Figure 6.24, the Si cell shows no light intensity 
dependence from reverse saturation point to the maximum power point of the 
normalized J-V curves. This behaviour for the Si cell (as well as most organic bulk 
heterojunction solar cells reported elsewhere64) is attributed to a 1st order 
(monomolecular) recombination process.77  For Pb-Sn mixed perovskite devices here, Pc 
is seen to decrease with increasing voltage, with the change becoming more pronounced 
with decreasing light intensity. 
Figure 6.24 | Diode characteristics of a commercial Si photodiode measured under different illumination 
intestines using the PAIOS setup, showing (a) charge collection probability, Pc (normalised J at -0.5 V) and 
(b) J-V characteristics before normalisation. 
 
The resulting loss in Pc can be attributed to two possible causes. Firstly, high illumination 
intensities result in the generation of higher carrier densities of electrons and holes. This 
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in turn, leads to more pronounced splitting of the Fermi level energy (𝐸𝑓), as depicted in 
Figure 6.25, resulting in the quasi Fermi levels for holes and electrons (denoted by 𝐸𝑓,𝑝 
and 𝐸𝑓,𝑛 respectively). This enables better alignment of these energy levels with HTL and 
ETL thereby permitting a smooth extraction of charges from the perovskite layer such 
that Pc approaches unity. However, at lower light intensities, the quasi Fermi levels are 
less likely to be properly aligned with the transport layers, hence resulting in poorer 
charge extraction through the interfaces leading to a lower Pc. In addition to 
recombination at the interfaces, low Pc can occur due to recombination of higher orders 
(such as 2nd order/bimolecular recombination) in the bulk, or due to high recombination 
at the interfaces. Comparatively, the commercial Si photodiodes (Figure 6.24) have well 
aligned contact and interface energy levels as well as sufficiently passivated surfaces to 
allow maximum charge collection and hence only shows light intensity dependence of 
Pc after the maximum power point of the diode curves. 
Figure 6.25 | Fermi Level splitting of Pb-Sn mixed perovskites devices under (a) low light intensities and 
(b) high light intensities. At higher intensities the quasi Fermi level energies align well with the hole and 
electron transport layers allowing better charge transport within the device.  
 
6.10.3. Light Intensity Dependence of J0 and Jsc  
To further investigate the origins for the loss of Pc at low light intensities, the light 
intensity dependence of the J0, Jsc and Voc were considered. Light intensity dependence 
of the photocurrent density follows the power law given by,77 
𝐽𝑝ℎ ∝ 𝐼
′ 𝛼 (6.14) 
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Here the magnitude of α is an indication of the recombination type, where α approaches 
unity as the PSC device approaches ideal condition with no bimolecular recombination 
(α = 1 when all charge carriers are swept out prior to bimolecular recombination, and 
monomolecular recombination is dominant).285 The resulting plots for the treated and 
reference PSCs as well as the Si photodiode are depicted in Figure 6.26. For both J0 (Figure 
6.26(a)) and Jsc (Figure 6.26(b)) of the Si photodiode, log J Vs. log I’ behaves linearly for 
the entire range of I’ tested, yielding very similar α = 1.02 ± 0.01 which signifies that at 
short circuit and reverse saturation, bimolecular recombination is negligible and 
monomolecular recombination is dominant under LED illumination, which agrees with 
the general behaviour of Si solar cells.286 
Figure 6.26 | Illumination intensity dependence of the normalized (a) reverse saturation photocurrent 
(J0) and (b) short circuit current density (Jsc) of the PSC devices presented in a log-log scale, with slopes 
(α, as given in the inset) are extracted from the linear region of the plots.  
 
For Pb-Sn mixed perovskite devices tested, the linear behaviour of J0 is limited to 
illumination intensities >1% of full LED power. In this range, α for J0 Vs. V (𝛼𝐽0) for 
reference and GABr coated devices respectively are 0.68 ± 0.01 and 0.93 ± 0.01 which 
indicates that bimolecular recombination of the devices is significantly lowered 
following the GABr treatment (Figure 6.26(a)). Jsc of the Pb-Sn mixed perovskite devices 
depend linearly on illumination intensity with 𝛼𝐽𝑠𝑐 of 0.77 ± 0.01 and 0.97 ± 0.01 for 
reference and GABr treated devices respectively (Figure 6.26(b)). Hence at short circuit, 
GABr treated devices show dominant monomolecular recombination. While the treated 
devices show significantly lower levels of bimolecular recombination, reference devices 
demonstrate a considerable level of bimolecular recombination, although lower than that 
observed under the reverse saturation condition.  
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Under illumination intensities >1% LED power, the recombination behaviour of the 
GABr treated devices at J0 and Jsc , appear to be quite similar to the commercially available 
Si photodiode with well optimised contacts, signifying the positive impact of the surface 
treatment on the recombination dynamics. Comparison of reference and treated PSC 
devices agrees well with the previous conclusions made in Section 6.9.2 of the suppression 
of device recombination following the GABr treatment. 
The anomalous non-linear behaviour of perovskite J0 at low LED intensities can be due 
inefficiency of charge extraction at the interfaces and the dominance of device current 
by the injection/leakage of charges. This phenomenon is depicted in Figure 6.27, where 
the interface of the perovskite and the HTL is taken as an example. Under operation, the 
energy levels align reaching an equilibrium condition to facilitate the charge conduction 
of the device. At low light condition (Figure 6.27(a)), since the Fermi level splitting of 
the perovskite is low (as discussed previously and depicted in Figure 6.25), there is an 
unfavourable energy barrier between 𝐸𝑓,𝑝 and the work function of the PEDOT:PSS HTL 
which results in charge injection from HTL to perovskite. This injected current (leakage 
current) dominates the diode characteristics of the device at low light intensities resulting 
in the non-linearity of J0 especially in reference devices (Figure 6.26(a)) and low shunt 
resistances observed.  
 
Figure 6.27 | Energy level alignment of the p-type Fermi level of Pb-Sn mixed perovskite PV devices, with 
the work function of the HTL, approaching equilibrium under (a) low light intensities and (b) high light 
intensities. 
CHAPTER 6   Achieving High Fill Factors in Sn-based PSCs 
184 
 
At high light intensities (Figure 6.27(b)) the equilibrium condition is easily achieved 
which mitigates the charge injection from the HTL to the perovskite due to the 
favourable energy level arrangement which minimises the leakage current while 
enabling hole transfer from perovskite to HTL. Furthermore, high leakage current at low 
light intensities also leads diode turn on at lower voltages as evident in Figures 6.23(a) 
and (b). 
6.10.4. Light Intensity Dependence of Voc  
Following the above findings, the recombination behaviour at Voc is analysed. The 
leakage effects discussed above, also dominate the light dependence of Voc which is 
depicted in Figure 6.28(a) ; where, at intensities < 5% of the full power of the LED, leakage 
effects give rise to a non-linear behaviour for Voc Vs. log(I’).287 (This behaviour can also 
arise due to the aforementioned low shunt resistance in the devices.283) The light intensity 
dependence of Voc can be given by,285,287 
𝑉𝑜𝑐 =  𝑚 [
𝑘𝑇
𝑞
] ln(𝐼′) + 𝐵 
(6.15) 
Where k is Boltzmann constant, T is the absolute temperature, B is the intercept and m 
is a constant that indicates the recombination mechanism prominent at open circuit 
conditions, and is given by the slope (mkT/q]) of a plot of Voc Vs. ln(I’). 
Figure 6.28 | (a) Open circuit voltage (Voc) vs. illumination intensity. Linear fits were done at high light 
intensities (to avoid the leakage effects at low intensities) and slopes (m kT/q) are given in the inset. All 
characteristics are compared to a commercial Si photodiode (green diamonds). (b) Estimated maximum 
fill factors (FFmax) plot (also given in Figure 6.15), showing theoretical FFmax for a PSC with an ideality 
factor of 1.47 and bandgap of 1.31 eV. 
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For m = 1, the dominant recombination is bimolecular, whereas m = 2 indicates 
monomolecular/trap assisted recombination.77,285,288 It is known that trap assisted 
recombination is generally high under low applied voltages (where there are low carrier 
densities), and becomes less prominent at higher voltages.289 For perovskite solar cells 
however, non-radiative trap assisted recombination is seen to play a major role though 
out the voltage range of operation.285,289 For the Pb-Sn mixed perovskite devices studied 
in this work, the linear regions of Voc Vs. log(I’) (Figure 6.28(a)) seen for intensities of 
>5% yield m values of 1.70 and 1.47 for reference, and GABr coated PSCs respectively. 
Here, it can be concluded that monomolecular recombination is subdued following the 
GABr treatment at open circuit conditions while trap assisted recombination is highly 
dominant in the reference Pb-Sn mixed device.  
The commercial Si photodiode studied gave an m of 1.65 as commonly seen in a-Si solar 
cells,77 with the Voc showing a linear behaviour for the entire log(I’) range. This is similar 
to reference Pb-Sn mixed perovskite (with m = 1.70) illuminated at intensities >5%, 
indicating that at higher light intensities, the reference device shows recombination 
behaviour close to a-Si cells. Since GABr treated device yields m = 1.47 at higher 
illumination intensities indicating suppressed trap assisted recombination, it can be 
concluded that the GABr treatment has possibly enabled the passivation of trap sites, 
which has aided in achieving the higher fill factors observed in Section 6.7. Furthermore, 
as discussed earlier in Section 6.8.2, the light intensity dependence of Voc can be used to 
calculate the ideality factor (n) of PV devices, which is also given by the slopes calculated 
in Figure 6.28(a) (thus m here also indicates ideality factor). Hence, for the GABr treated 
PSCs, under high illumination, the ideality factor becomes ~1.47. Using the FF colour 
plot discussed in Figure 6.15, and the optical bandgap energy of 1.31 eV, the theoretical 
limit for this specific Pb-Sn mixed perovskite system is reduced to ~84.5% (Figure 
6.28(b)), which is closer to the high FF of 83% achieved in this work. 
 
6.10.5. Device Characteristics under Dark Conditions 
To further investigate the effect of the GABr treatment on the trap states of the devices, 
the dark current-voltage characteristics of the PSC devices were investigated. The same 
theories and equations discussed in Chapter 5, Section 5.1.3.2 were similarly used here 
for the dark device characteristic analysis. Figure 6.29 depicts the dark J-V characteristics 
of the devices presented in a logarithmic scale, where the voltage dependence of the 
current density of a diode follows the power law 𝐽 ∝ 𝑉𝑆 where the power S arises from 
the charge transport mechanism dominant in the device.241 For the purpose of choosing 
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a sufficient electric field where the results are not compromised by the limitations of the 
PAIOS measurement setup (where the noise floor limits accuracy in terms of the 
analysis), only voltages > 0.2 V are considered here. 
The reference and GABr treated devices show 𝑆 ≈ 1 (Ohmic conduction) around 0.2 - 
0.3 V whereas Ohmic conduction is not seen at these voltages for the reference device, 
in place of which, space charge limited conduction (SCLC) where 𝑆 ≈ 2 8 is observed to 
be dominant from an early stage. However interestingly, SCLC is not observed for the 
Pb-Sn mixed perovskite that have undergone the GABr post-treatment. For the 
reference, the SCLC region is extended up to around 0.55 - 0.60 V which is attributed to 
the existence of shallow traps. 
Figure 6.29 | Dark J-V characteristics of the devices shown in a log-log scale with the charge transport 
regions. The GABr treated device approaches higher slopes of the trap filled limit (TFL) around 0.55 V 
with contrast to the higher voltages of the reference device. 
 
With increasing applied voltage, the electric field becomes sufficient to de-trap the 
carriers in shallow traps, and eventually the device will achieve the trap free case.8 
However, if shallow traps are scarce within the semiconductor, with sufficient electric 
field, the charge conduction will achieve the trap filled limit (TFL) where S > 3.8 
Following the GABr treatment, it can be observed that the charge conduction reaches 
higher slopes of S = 12.99 ± 0.05 around 0.55 V almost immediately  following the initial 
Ohmic region, indicative of low shallow trap density. In contrast, TFL for reference with 
S = 11.65 ± 0.02 was achieved at higher electric fields around 0.60-0.65 V prolonging the 
SCLC region, which confirms the presence of shallow traps in these reference PSC 
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devices. Hence, it can be confirmed that the GABr treatment aids in the passivation of 
shallow traps of the system, compared to the reference.  
Further considering the dark diode behaviour, it can also be seen that the diode turn-on 
voltage for reference devices is achieved at a higher applied bias. To investigate this 
behaviour, the capacitive behaviour of the Pb-Sn mixed PSC devices was investigated, 
which is discussed in the following section. 
6.10.6. Capacitance–Voltage Characteristics of the PSC Devices 
The Capacitance-Voltage (C-V) characteristics of the treated and untreated devices were 
also evaluated using the PAIOS measurement setup. C-V curves were recorded by 
varying the offset voltage in IS (Impedance Spectroscopy) and keeping the oscillating 
frequency at 100 kHz. The voltage amplitude of the oscillating signal was 70 mV. Figure 
6.30 depicts the C-V characteristics of the devices, where the voltage and the height of 
the peak depends on the built-in-voltage and injection barriers.290 It is clearly visible that 
there is a significant decrease in the peak capacitance (Cpeak) from the reference device 
with 199.02 nF cm-2 for the reference device, to a 131.79 nF cm-2 following the GABr 
treatment.  
Figure 6.30 | Capacitance - Voltage (C-V) characteristics of the devices indicating higher capacitive effects 
of the reference cells, attributed to the high amount of shallow traps in the devices. 
 
The capacitance, arising from space charge effects, increases with the bias voltage until 
the electric field is sufficient for charge conduction.290 In the reference devices, not only 
is the Cpeak higher, but also the offset voltage for the peak is larger. Hence these devices 
show a higher capacitance than the treated device. The origin of the capacitance can arise 
due to a couple of reasons such as, (a) the presence of shallow traps (high Cpeak) and (b) 
the presence of an extraction barrier (high offset voltage).290 These results further 
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consolidate the understanding on the impact of GABr treatment as being a source for 
passivation of traps in the Pb-Sn mixed perovskites. Furthermore, as discussed in Section 
6.9.2, GABr treatment also aids in favourable energy alignment of the charge transport 
layers with the perovskite conduction and valence bands facilitating better charge 
extraction, further assisting the improvements in the device FF. 
6.11 Summary 
In this chapter, the incorporation of Br- into the low bandgap 
Cs0.05(FA0.83MA0.17)0.95Pb0.5Sn0.5I3 perovskite absorber, in the form of a GABr post-surface-
treatment was discussed. The post treatment was seen to result in the formation of a more 
n-doped (electron doped) perovskite layer. The resulting shifts in the CB, VB and 𝐸𝑓 were 
seen to reduce the barrier for electron transfer and improve the efficiency of the hole 
transfer from the Pb-Sn mixed perovskite absorber to the cathode and anode contacts 
respectively, in comparison to the untreated perovskite, which enables fill factors 
exceeding 80% (with a maximum of 83%) in treated device to be achieved.  
The effect of GABr treatment in improving the fill factor close to the theoretical limits, 
was electronically analysed in depth, using an all-in-one solar cell characterisation setup 
(PAIOS) under a high-powered white LED. Upon inspecting the behaviour of the J-V 
characteristics under varying illumination intensities, the dark characteristics of the 
devices and capacitance-voltage measurements, it was evident that the recombination of 
the reference device is governed by dominant shallow traps which controls the charge 
transport of the devices leading to an increase in the capacitance. Upon post-treatment 
with GABr, the trap density was observed to be reduced, enabling the trap filled limit to 
be reached easily which in turn, aids better charge transport and extraction from the 
devices, lower non-radiative recombination resulting in higher shunt and lower series 
resistances which leads to the high FFs observed. When compared to a commercial Si 
photodiode, it is evident that the GABr treated solar cells have favourable recombination 
dynamics; negligible bimolecular recombination at lower electric fields allowing efficient 
carrier sweep-out and reduced trap assisted recombination around Voc. Hence it can be 
concluded that the GABr treatment is also an effective means of trap passivation in Pb-
Sn mixed PSCs leading to higher FFs reaching the theoretical limits. 
The GABr treatment demonstrated in this chapter opens a new route to increase the 
efficiencies of single junction Sn-based PSCs towards the Shockley-Queisser limit and is 
also expected to provide a route to significantly improve the efficiencies of all-perovskite 
multi-junction cells.  
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Chapter 7 
Conclusions and Future Work  
 
This chapter provides an overall summary of the work conducted in this thesis and the 
conclusions drawn based on the research output. Following this, ongoing work and 
potential avenues for future work is discussed. 
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7.1 Summary of Results  
At the beginning of this thesis, the impact of different Pb:Sn ratios on the properties of 
the perovskite absorber was studied to identify a suitable Pb-Sn mixed perovskite 
formula. All perovskite absorbers studied were based on the triple cation formula, which 
was selected due to the reported high stability and reproducibility in similar Pb-only 
perovskites,230 and with a view to progress towards Pb-Sn alloys. Following investigations 
on the optical absorption characteristics, a Pb2+:Sn2+ ratio of 0.5:0.5 was chosen to 
comprise the B-site due to the optimised bandgap obtained, when comparing different 
Pb2+:Sn2+ ratios. Thus, further work on this thesis was based on a triple cation Pb-Sn 
mixed perovskite absorber with the formula Cs0.05(FA0.83MA0.17)0.95Pb0.5Sn0.5I3 with a 
bandgap of 1.26 eV.   
Following the selection of the perovskite absorber, the impact of different anti-solvents 
on the structural and morphological characteristics of the perovskite films was first 
studied by employing ANI, CB and TOL as anti-solvents. Based on the SEM images, it 
was observed that TOL aids in slightly bigger grains and a more uniform grain 
distribution on the film surface for Pb-Sn mixed perovskites. As SEM micrographs are 
more indicative of the topographical characteristics of the perovskite absorber, the 
crystallisation dynamics of the films prepared using the different anti-solvents were 
studied using GIWAX to enable a better understanding of the impact of the anti-solvent 
on the film formation characteristics. Based on the GIWAX studies, it was observed that 
the perovskite has a cubic crystal lattice. More importantly, it was observed that the anti-
solvent used had impacted the orientation of the crystal growth. The triple cation Pb-
only perovskite was fabricated following a previously reported formula.230 CB and TOL 
quenching was observed to induce crystal growth normal to the substrate in the direction 
of the (111) plane, while ANI quenching induced crystal growth in the direction of the 
(110) plane. For Pb-Sn mixed perovskites however, all 3 anti-solvents gave rise to growth 
in the direction of both (100) and (110) planes normal to the substrate. However, TOL 
quenching was observed to result in more of (100) oriented growth while ANI and CB 
resulted in more of (110) oriented growth to the substrate normal. Based on the 
crystallisation dynamics studied using GIWAX, this was attributed to the presence of 
precursor intermediates during the nucleation and initial growth process. Here it was 
identified that presence of more of the precursors resulted in more of (111) oriented 
growth to the substrate normal (only seen in Pb-only films) while a lower quantity of 
precursors (or absence of precursors) during the initial nucleation and grain growth  
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favoured the growth of (100) planes (only seen in Pb-Sn perovskite) to the substrate 
normal.  
Next, through an FTIR spectroscopic study of the precursor solutions and perovskite 
films, it was identified that in the solution phase, the DMSO solvent more actively 
participates in adduct formation than DMF with both PbI2 and SnI2. It was also found 
that in the films, the adducts were more pronounced in Pb-only perovskite, than in the 
Pb-Sn mixed films. Therefore, based on the combination of GIWAXS and FTIR analysis, 
it was concluded that while Pb-only perovskite crystallises through the formation of 
intermediates, the Pb-Sn mixed perovskite crystallisation bypasses the intermediate route 
and crystallises more readily. Furthermore, the anti-solvent used was observed to impact 
the CO2 adsorption on the annealed films with no CO2 being detected on the TOL 
quenched films. This was attributed to the ability of TOL to remove non-polar 
contaminants on the perovskite layers. 
Following the study on the influence of the anti-solvents on the crystalline properties of 
the Pb-Sn mixed absorber, the effect of different anti-solvents on the electrical 
performance of the perovskite films was investigated through fabrication of PSC devices. 
Here, new insight on the importance of the selection of anti-solvents for Sn-based PSCs 
was discussed, based on the higher device performance observed for TOL quenched PSCs 
due to their ability in extracting the Sn4+ defects of these absorber layers. TOL treated 
perovskite films not only showed a lower Sn4+ quantity on the surface of the thin films, 
but also showed significant improvements of the PSC device parameters (Voc, Jsc, FF and 
PCE) compared to the other two anti-solvents used, resulting in a champion PCE of 
11.62%. The atomic percentage of Sn4+ decreased in the order of ANI > CB > TOL with 
the device performances increasing in the order of ANI < CB < TOL. The importance on 
the careful selection of the anti-solvent for Pb-Sn mixed perovskites was further 
substantiated by the lower impact of parasitic charges for the PSCs under TOL treatment. 
From the above results and analysis, it was concluded that the qualities of the anti-
solvents used are critical in optimising the performance of Pb-Sn mixed PSCs, more so 
than when compared to their Pb-only counterparts.  
Based on this, an approach for the complete removal of parasitic Sn4+ through solvent 
engineering was identified. Here, following an optimisation procedure for the annealing 
temperature, the best annealing temperature was selected to be 120 °C.  Subsequently, a 
post-TOL wash was employed to further remove any prevailing Sn4+ and any unreacted 
materials from the Pb-Sn absorber surface. Complete removal of Sn4+ was evident based 
on XPS profiles. This defect state removal resulted in further enhancement in device 
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performance where a champion PCE of 12.04% was achieved for the modified device 
where the most pronounced improvements were observed in the device FF which 
improved from 60% to 70%.  
Finally, the incorporation of Br- into the low bandgap Cs0.05(FA0.83MA0.17)0.95Pb0.5Sn0.5I3 
perovskite absorber, in the form of a GABr post-surface-treatment was studied as a route 
towards further improving the performance characteristics of the above optimised Pb-Sn 
mixed perovskite system. The post treatment was seen to result in the formation of a 
more n-doped (electron doped) perovskite layer closer to the absorber surface. The 
resulting shifts in the CB, VB and 𝐸𝑓 were seen to reduce the barrier for both electron 
and hole transfer from the Pb-Sn mixed perovskite absorber to the cathode and anode 
contacts in comparison to the untreated perovskite which enabled fill factors exceeding 
80% (with a maximum of 83%), resulting in a champion PCE of 14.4%. The effect of 
GABr treatment in improving the fill factor close to the theoretical Shockley-Queisser 
limit, was electronically analysed in depth, using an all-in-one solar cell characterisation 
setup (PAIOS) under a high-powered white LED illumination. From this study, it was 
evident that the recombination of the reference device is governed by dominant shallow 
traps, which was reduced upon post-treatment with GABr, thereby enabling the trap 
filled limit to be reached easily. This in turn aids better charge transport and extraction 
from the devices and decrease the non-radiative recombination, resulting in higher shunt 
and lower series resistances which lead to the high FF observed. When compared to a 
commercial Si photodiode, it was evident that the GABr treated solar cells have negligible 
bimolecular recombination at lower electric fields allowing efficient carrier sweep-out 
and minimal trap assisted recombination around Voc. Thus, it is concluded that the GABr 
treatment is an effective means for trap passivation in Pb-Sn mixed PSCs leading to 
higher FF reaching towards the theoretical limits. This is identified as a new route to 
increase the efficiencies of single junction Pb-Sn mixed PSCs towards the Shockley-
Queisser limit, that can also lead to significant improvements in the efficiencies of all-
perovskite multi-junction cells where Pb-Sn mixed absorbers are used as the bottom cell. 
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7.2 Ongoing and Future Work 
7.2.1. Effect of Sn4+ Extraction on Charge Carrier Dynamics 
Preliminary studies on the effect of Sn4+ extraction (effect of different anti-solvents, TOL, 
ANI, CB as discussed in Chapter 5) on the charge carrier dynamics of the films were 
carried out by performing optical pump–terahertz probe (OPTP) spectroscopy, in 
collaboration with Cambridge University and University of Warwick.1 The findings are 
given in Figure 7.1 and discussed below.  
The Pb-Sn perovskite films with Cs0.05(FA0.83MA0.17)0.95Pb0.5Sn0.5I3 formula, fabricated 
using the three different anti-solvents, were photoexcited with a pump pulse at a 
wavelength of 950 nm with a duration of 35 fs and pump fluences between 820 and 320 
µJ cm-2. The photoexcitation pulse induced a change ∆E in the transmission of the 
terahertz (THz) probe pulse. The measured change in transmission is directly 
proportional to the photoconductivity ∆ of the Pb-Sn mixed perovskites. Both 
photoconductivity decays and photoconductivity spectra were measured and analysis 
was performed using the previously reported frameworks.291 The photoconductivity 
decay dynamics of the three Pb-Sn mixed perovskites were observed to be identical 
(Figure 7.1(a)). Interestingly, it was noted that the photoconductivity peak of the three 
perovskites were distinct in magnitude, with TOL quenching producing the highest 
photoconductivity followed by CB and ANI respectively. This trend was noted at all 
measured pump fluences (Figure 7.1(b)). 
Analysis of the scattering times (τ) (Figure 7.1(c)) indicates significantly longer scattering 
times for TOL quenched films compared to the other two, especially at lower fluences. 
Longer scattering time indicates less scattering in the films. More scattering contributes 
to higher charge carrier recombination and lower charge mobilities, hence less scattering 
is preferred in the films. The scattering time is believed to have a direct correlation on 
the Sn4+ dopant concentration (which act as scattering sites ) in Sn-based perovkites.70 
Incidentally, these dopants are one of the major factors that hinder the charge carrier 
mobilities of Sn-based perovskites.47 The larger grain sizes associated with the TOL 
treated films (as given in Chapter 4, Section 4.4) would also reduce scattering at interfaces, 
                                                   
 Collaborators Dr Hannah J. Joyce and Ms Stephani O. Adeyemo (Centre for Advanced Photonics and Electronics, 
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further improving the mobility. The photoinduced THz conductivity ∆() spectra were 
well-fitted with a Drude-Lorentz model consisting of a single resonance that accounts for 
the effect of carrier localisation in discrete grains (Figure 7.1(d)). 
Figure 7.1 |  (a) Photoconductivity decays of TOL, CB and ANI quenched samples. Decays are normalised 
and offset for clarity. (b) Peaks of photoconductivity decay vs. pump fluence, showing the highest 
photoconductivity for TOL quenched samples followed by the CB and ANI, at all measured fluences. (c) 
The scattering time (τ) plotted as a function of fluence for the films, with the highest τ at all fluences 
shown by TOL treated films (consistent with the decrease in Sn4+ dopant scattering sites and the 
reduction in grain boundaries), while τ decreases with increasing fluence (consistent with increased 
carrier-carrier scattering under high injection conditions. Lowest τ is observed for ANI treatment in all 
cases. The lines are guides for the eye.  (d) Real part of the photoconductivity spectra of samples at 60 ps 
after photoexcitation at a fluence of 209 µJ cm-2 and fitted (fits shown in solid lines) with a Drude-Lorentz 
model. (e) The charge carrier mobilities of Pb-only and Pb-Sn perovskites as reported in literature (also 
determined using OPTP) in comparison with that of the Pb-Sn mixed perovskites reported in this work, 
for different anti-solvents. 
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The mobilities (Figure 7.1(e)) were extracted from the photoconductivity decays 
presented in Figure 7.1(b) by fitting the linear relationship 𝜇 =
∆𝜎
𝑛𝑒
 where 𝑛 is the total 
photoexcited charge carrier density and e is the electronic charge. The carrier mobility 
(µ) values for TOL quenching was found to be on average 32 ± 3cm2 V-1 s-1 and the high 
intra-grain mobility was found to be improved by TOL treatment. The average µ values 
of CB and ANI treated films were 29 ± 3 cm2 V-1 s-1. All mobility values have a standard 
deviation of less than 10%. These µ values strongly compete with Pb only perovskites, as 
evident from values reported for Pb-Sn and Pb perovskites based on the OPTP technique 
(see Figure 7.1(e)).70 
Considering the high µ values obtained for the triple cation Pb-Sn mixed perovskite 
studied here compared to literature values, the origins of such high mobility has to be 
studied further. Similar charge carrier dynamics studies with OPTP will be carried out 
with the surface passivated Pb-Sn films. Through a comprehensive analysis, pathways 
towards improving the charge carrier mobilities in Pb-Sn perovskites can be further 
established, enabling the Pb-Sn mixed PSC device performances to be further improved. 
 
7.2.2. Effect of Precursors and Anti-Solvents on Crystallisation 
Dynamics 
As was evident from the GIWAXS and FTIR study in Chapter 4, the anti-solvent used 
affects the crystallisation orientation of the Pb-Sn perovskites. This was attributed to the 
effect of the anti-solvents on the presence of the precursor phases, and in turn the effect 
of precursor phases on the orientation of seeding crystals. This study will be carried 
further in fully understanding the precursor phases involved, the mechanisms of which 
the anti-solvents affect them and the preferred orientation that gives rise to the best 
charge carrier dynamics. Based the work in Chapter 5, it was observed that TOL 
quenched perovskite films gave the best PSC performance, while the TOL treatment also 
resulted in a more (100) oriented growth to the substrate normal (as discussed in Chapter 
4). Therefore, the correlation of the grain orientation on the electrical performance of 
the film needs to be better understood. As a result, this study should be carried out using 
both the PSC devices and OPTP measurements similar to that discussed in Section 7.2.1. 
The effect of the substrate or the interlayer on which the films are fabricated, will also 
be studied further. Through understanding the preferred orientation under different 
processing conditions, further attempts will be taken to selectively grow the Pb-Sn mixed 
perovskite crystals in the orientation that is best for the PSC performance. 
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7.2.3. Further Optimisation of the Charge Selective Interlayers 
From the work discussed in Chapter 6, it was observed that there are further losses in the 
device stack in terms of the interlayer energy matching. This was especially evident at 
the ETL/ perovskite junction where the energy mismatch led to losses in Voc. Hence, an 
ETL more suited for the conduction band of the triple cation Pb-Sn perovskite should be 
identified. One possible candidate in this regard is C60, which is also used in the high 
performing Pb-Sn mixed PVs. However, solution processing of C60 is difficult and a 
suitable vacuum assisted deposition technique should be employed in generating a 
uniform electron selective film. Proper selection and engineering of the interlayers are 
needed to further improve the PCE obtained, without compromising the high fill factors 
achieved. 
7.2.4. Other Work 
Beyond the discussed future work, there are several other routes to explore following the 
work in this thesis. Firstly, the mechanism of Sn4+ removal using TOL needs to be better 
understood. This understanding will enable further engineering of the anti-solvent 
method, while maintaining a low annealing temperature of 70°C. This includes, 
improving the existing TOL anti-solvent or employing a better suited or more 
environmentally friendly anti-solvent in the fabrication process, which extracts the Sn4+ 
dopants entirely during the anti-solvent quenching step. 
Secondly, the optimisation of the perovskite formula, especially the Cs+ content needs to 
be investigated. As discussed in Chapter 2, Section 2.6.2.2., a higher Cs+ content in the 
perovskite film can inversely affect the stability of the resulting perovskite. However, in 
the work reported in this thesis, the triple cation formula was directly adapted for a Pb-
Sn mixed perovskite and no further optimisation on the A-cation content was carried 
out. Thus, optimisation of the A cation stoichiometry should be investigated further. 
Moreover, further optimisation using additives and surface treatments should be 
examined in achieving better efficiencies of the devices. In this regard, especially the 
incorporation of Br- in achieving better fill factors should be investigated. Although the 
GABr treatment was carried out as a post processing step in Chapter 6, the Br- anions 
were observed through the thickness of the perovskite film. According to recent 
reports,189 incorporation of Br- directly in the precursor mixture has also given rise to 
improved PSC performance. Therefore, the effect of Br- treatment on the improvements 
should be fully investigated and understood.  
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Appendix A 
GIWAXS Analysis 
 
 
Figure A.1 | The relationship between (a) q and 2Ө and (b) q and d as used in GIWAXS analysis in Chapter 
4. 
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Figure A.2 | Peak tracking for Pb-only perovskite, normalised to maximum of the perovskite peak, for CB 
(top), ANI (middle) and TOL (bottom) quenched samples for precursor, PbI2 and perovskite phases as 
given in Chapter 4. 
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Figure A.3 | The evolution of azimuthal integration of scattering patterns of Pb-Sn mixed perovskite films 
given in Chapter 4, Figure 4.15(b), with time. The anti-solvent used for quenching is (a) TOL, (b) CB and 
(c) ANI. 
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Appendix B 
XPS Analysis 
 
Figure B.1 | XPS elemental analysis for TOL treated for Pb-Sn mixed perovskite thin films, with 
quantification data given in the table.  XPS profiles for each element is given in red lines with non-linear 
background is shown is green. 
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Figure B.2 | XPS elemental analysis for CB treated for Pb-Sn mixed perovskite thin films, with 
quantification data given in the table.  XPS profiles for each element is given in red lines with non-linear 
background is shown is green. 
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Figure B.3 | XPS elemental analysis for ANI treated for Pb-Sn mixed perovskite thin films, with 
quantification data given in the table.  XPS profiles for each element is given in red lines with non-linear 
background is shown is green 
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